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Abstract 
Non-invasive Optical Technologies to Monitor Wound Healing 
Linda C. Zhu 
 
 
 
 
 Impaired wound healing is one of the most serious complications of diabetes. 
Lack of quantitative assessment of healing progress makes diabetic wound 
management a clinical challenge. Optical non-invasive monitoring of wound healing 
may be of great value in both acute and chronic wounds, especially in assessing 
treatments to achieve faster wound healing.  
 The goal of my thesis is to implement clinically relevant optical technologies 
to study the healing process and understand the tissue changes responsible for optical 
property changes. The hypothesis underlying my thesis research is that tissue 
oxygenation, as measured by macroscopic optical properties, can be valuable 
indicators of the state of healing of a wound  
The encouraging results obtained with a handheld imaging station, a frequency 
domain Near InfraRed (NIR) device, and a diffuse reflectance spectroscopy (DRS) 
device form the basis of my thesis. The multi-filter imaging system, the single source, 
four-detector NIR instrument with multiple wavelengths along with a commercially 
available DRS device were used to follow healing progress on a streptozotocin 
induced diabetic rat animal model. We were able to collect objective wound geometry 
data due to image registration. Our results demonstrate that there are significant 
changes in oxygenated hemoglobin, deoxygenated hemoglobin, and tissue scattering 
during the wound healing process, and that such differences can be correlated with 
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wound histopathology changes. Based on the results, NIR and DRS can be used as 
valuable tools to assess biological changes including angiogenesis and collagen 
formation.  
DRS scattering is identified as a possible valuable new parameter that 
correlated well with collagen concentration determined via histology. In vitro collagen 
phantoms verified the strong correlation between collagen concentration and DRS 
scattering.  
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Chapter 1: Introduction 
 
1.1 Objective 
 
 
 
At present, various optical methods have been proposed for therapeutic and 
diagnostic purpose. They can be used for determining parameters representing skin 
injury or monitoring the wound healing processes. Most optical methods are non–
invasive and relatively inexpensive and as such they offer major advantages compared 
to invasive methods.   
The goal of this research is to use non-invasive optical technologies to study 
the wound healing process and understand the tissue changes responsible for optical 
property changes. The objective of this thesis is to understand how wound tissue 
information from optical technologies correlates with biological wound tissue changes 
and can therefore be used to assess wound healing. A portable imaging station has 
been used to measure wound surface area (WSA). A frequency domain, near infrared 
(NIR) device and a commercially available diffuse reflectance spectroscopy (DRS) 
device have been used to measure tissue optical properties. Oxygenation and tissue 
organization were extracted from optical properties. My overall hypothesis is that 
tissue oxygenation and tissue organization can be valid indicators of wound healing. 
Optical properties change as wound healing progresses and this change can 
differentiate wound healing stages and “predict” wound healing. Optical absorption 
and scattering of tissue can be correlated to wound pathology including 
vascularization, collagen organization and/or inflammation. 
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1.2 Statement of the Problem 
 
 
 
Diabetes was the sixth leading cause of death in 2002. 20.8 million people in 
the United States, or 7% of the population, have diabetes. 1.5 millions of new cases 
are diagnosed every year. Approximately 15% of diabetes patients develop foot ulcers, 
and approximately 14%-24% of patients who develop foot ulcer have an amputation 
[1]. Techniques that can predict wound healing would be very helpful in the clinic 
(Khaodhiar et al. 2007). Early prediction of the healing potential of a wound can allow 
physicians to choose the optimal treatment and minimize the economic burden 
associated with failed treatments in chronic wounds. 
Objective measurement of wound is necessary to document changes in 
response to treatment and to assess the efficacy of therapeutic intervention. It is 
important both to clinicians concerned with individual patients and to researchers 
comparing healing responses. Wound measurement is important to allow wound care 
managers to audit patient progress and to ensure that healing is progressing with the 
particular treatment.  Quantitative wound assessment can help build a reliable and 
consistent database for outcome based studies of wound care. The ideal measurements 
should be accurate, reliable, simple to obtain, economical of time and material, and 
safe for the patient.  
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We wound like to use optical technologies and special algorithms that could be 
more accurate and more efficient than the current state of the measuring systems to 
monitor wound healing. 
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Chapter 2: Literature Survey of Wound Healing and Impaired Wound 
Healing 
2.1 Normal Wound Healing 
 
 
Wound healing is a series of complex processes, which includes three 
overlapping stages: inflammatory phase, proliferation phase, and remodeling phase. (a) 
The inflammatory phase occurs immediately upon tissue injury and lasts from 2 to 5 
days. The purpose of this phase is to clean the wound debris and foreign material. 
Vascular permeability is temporarily increased to allow neutrophils, platelets and 
plasma proteins to infiltrate the wound. (b) The proliferation phase is characterized by 
cell proliferation and granulation tissue formation. The proliferation phase begins at 
about 72 h. Inflammatory cells release growth factors and recruit fibroblasts and other 
important cells. Collagen is synthesized and deposited to the wound. Angiogenesis, 
Extra cellular matrix (ECM) formation and elastin synthesis occur during the 
proliferation phase. (c) The remodeling phase is characterized by ECM restoration, 
cell turnover and wound contraction. Collagen crosslinking and reorganization can last 
for months during the remodeling phase. 
During the inflammatory phase, blood components enter the ECM and come 
into contact with exposed collagen and other extracellular proteins following tissue 
damage. This contact causes the platelets to release preformed clotting factors, growth 
factors, and cytokines into the wounded area. Platelet-derived growth factor (PDGF) 
initiates the chemotaxis of neutrophils, macrophages, smooth muscle cells, and 
fibroblasts (Singer and Clark 1999; Diegelmann and Evans 2004). The inflammatory 
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phase is characterized by the migration and arrival of leukocytes to the site of injury 
(Bauer et al. 2005).  The leukocytes are recruited by vasoactive mediators and 
chemotactic factors generated by the coagulation. The maximum leukocyte 
accumulation is seen within the first 24 hours and remains constant until day 4, when 
it monotonically declines for the following three weeks.  Although the number of 
leukocytes decreases after day 4, the proliferation of fibroblasts and endothelial cells 
in the area allows the total number of cells to remain the same. Between day 0 and day 
1 the total number of cells in the area dramatically increases and remains relatively 
constant through day 21 in humans (Engelhardt et al. 1998).  
The neutrophil is the first inflammatory cell to arrive at the site of the wound 
(Bauer et al. 2005) (Agaiby and Dyson 1999). They serve to protect the tissue against 
infections through phagocytosis, the antibacterial effects of free radicals, and the 
activation of complement. Very few neutrophils are found in the extracellular space in 
unwounded tissue.  Neutrophils release significant amounts of enzymes such as matrix 
metalloproteinases (MMP) (responsible for destruction of the extracellular matrix) and 
elastase (capable of degrading PDGF and TGF-β) (Yager et al. 1996); (Nwomeh et al. 
1998; Nwomeh et al. 1999). After the neutrophils are finished cleaning the wound of 
foreign particles and bacteria, they are either phagocytosed by macrophages or are 
extruded in the wound fluid. 
Neutrophils have been detected in human skin wounds as early as 20 ± 30 
minutes after injury (Betz 1994; Agaiby and Dyson 1999); (Ross and Odland 1968). 
By 3 hours postwounding, a large number of neutrophils accumulates at the edge of 
the wound and they constitute the major cell population at 3 and 12 hours, but 
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markedly decrease by 72 hours. The accumulation is predominately seen in the 
superficial dermis, with very close proximity to the regenerating epidermis. Some 
neutrophils may remain in scar tissue for up to 1 month. Engelhardt et al showed 
similar data in their human study, with a maximum neutrophil count of 44 ± 3% of the 
total cells (Engelhardt et al. 1998).  The relative percentage of neutrophils decreased 
dramatically after d 2-4, once the wound closed. Loots et al obtained similar data of 
neutrophils, increasing in number rapidly after injury until numbers decreased after 
day 5 (Loots et al. 1998a). A mouse study showed similar data with human beings. 
Neutrophil infiltration continues throughout the inflammation phase. Egozi et al 
showed 108.1 ± 34.1 neutrophils/mm2 on day 1 and 218 ± 58.0 neutrophils/mm2 on 
day3. The number of neutrophils is substantially greater than that of macrophages 
during the first 24 hours and they are also more numerous than macrophages at day 5, 
7, and 10 (Agaiby and Dyson 1999; Engelhardt et al. 1998). 
Following neutrophil infiltration, bone-marrow-derived monocytes arrive to 
the site of injury (Bauer et al. 2005; Diegelmann and Evans 2004); (Tonnesen et al. 
2000a); (Engelhardt et al. 1998); (McGrouther 1981). Fragments of collagen, 
fibronectin, and elastin are the most important chemoattractants. Once in the site, the 
monocytes become activated macrophages by 48 hours after injury. Macrophages take 
over neutrophils and platelets in the release of cytokines and growth factors.  These 
growth factors include colony-stimulating factor, tumor necrosis factor α, vascular 
endothelial growth factor, platelet derived growth factor, transforming growth factor, 
interleukin-1, transforming growth factor β, and insulin-like growth factor I. Because 
they provide a continuing source of growth factors, macrophages play a pivotal role in 
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the transition between the inflammatory and proliferative phases of wound healing.  
During the formation of granulation tissue, beginning on day 4, macrophages, 
fibroblasts, and blood vessels move into the area of the wound as a unit. The 
macrophages provide the necessary growth factors for fibroplasia and angiogenesis to 
take place. Macrophages distribute within and around the wound bed and show 
accumulation around dermal blood vessels. Very few macrophages are seen in 
unwounded skin.  They are first seen in small numbers around 3 hours after injury and 
progressively increase in number until they peak around day 3. In the human study by 
Engelhardt et al, the peak number of macrophages occurred at day 2, when they 
composed 30 ± 8% of the total number of cells (Engelhardt et al. 1998).  The 
macrophages then gradually decreased in number. The study by Loots et al in humans 
and a mouse model by Egozi et al showed similar results (Loots et al. 1998a). 
Lymphocytes produce cytokines and growth factors called lymphokines, 
which regulate endothelial cell functions and induce angiogenesis (Agaiby and 
Dyson 1999; Loots et al. 1998a). Lymphocytes can be divided into B-lymphocytes 
and T-lymphocytes.  B lymphocytes are responsible for the production of antibodies 
and are not normally found in the skin. In a human study by Loots et al, B cells were 
identified during all time points in acute wounds and were found to peak around day 
19 (Loots et al. 1998a). 
All T-cells express the CD3 receptor.  T lymphocytes infiltrate the epidermis 
and adhere to keratinocytes within hours of cutaneous injury, although later in 
appearance than neutrophils and macrophages (Engelhardt et al. 1998).  They are 
distributed throughout the wound either singly or in groups and tend to accumulate 
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around superficial dermal vessels.  T cells are present at relatively constant levels with 
respect to the percent of total cells in the wound throughout the healing process (12-
18%) (Engelhardt et al. 1998).  T lymphocytes are found in small numbers at 3 hour 
and 12  hour postwounding and increase in number until their peak at day 10 to day 14, 
when they are significantly higher than any other time point. At day 14 the number of 
T cells drops considerably but they remain the major subpopulation of leukocytes in 
the wound.  A guinea pig study showed that the peak was started from day 6 (Ross and 
Benditt 1961). Fishel et al showed that the peak of T cells started from 7 and 
continued to day 10 in rats. This indicates that T lymphocytes play a role in the 
processes of tissue repair and remodeling. In later stages of healing, T cells are seen in 
the superficial dermis, infiltrating the regenerated epidermis and localizing between 
keratinocytes. Their position within the epidermis may aid in immuno-surveillance 
and maintaining skin immunity.  
In addition to the CD3 receptor, helper T cells (TH) also express CD4 and 
cytotoxic T cells (TC) express CD8.  TH cells are responsible for cell signaling via the 
release of cytokines, while TC cells directly kill infected cells.  The T cell infiltrate 
contains predominately CD4+ cells, but the ratio of CD4+ to CD8+ cells can vary from 
4.9 to 9.7 (Loots et al. 1998a).   
Mast cells are an important source of various proinflammatory mediators and 
cytokines that promote inflammation, vascular changes, and infiltration of leukocytes 
(Malaviya et al. 1996; Biedermann et al. 2000; Gordon and Galli 1990; Walsh et al. 
1991; Williams and Coleman 1995; Moller et al. 1993) (Persinger et al. 1983; 
Trautmann et al. 2000; Hebda et al. 1993). The recruitment of neutrophils in specific 
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inflammatory states has shown to be aided by cytokines released by mast cells, 
including mast cell-derived tumor necrosis factor-α, TNF-α macrophage inflammatory 
protein, MIP-2 and interleukin (IL). In humans, mast cells degranulate within hours. 
The number of mast cells drastically decreases and returns to normal within 48 hours. 
As the wound heals, the numbers increase again. Mast cells often accumulate in areas 
of capillary sprouting, suggesting an association with angiogenesis (Tonnesen et al. 
2000a). 
The dominant cell type during the proliferative phase of wound healing, from 
day 3 until day 21, is the fibroblast (Bauer et al. 2005; Singer and Clark 1999).  
Fibroblasts are responsible for producing new ECM, which is necessary to support cell 
ingrowth in an area of granulation tissue. PDGF, TGF-β, and extracellular matrix 
molecules stimulate periwound fibroblasts to proliferate and migrate into the area of 
the wound. Once in the wound, the cell phenotype changes from proliferative to 
contractile and collagen synthetic (Regan et al. 1991; Germain et al. 1994; Agren et al. 
1996).   
The epidermis is composed of cells called keratinocytes, which secrete large 
amounts of vascular endothelial cell growth factor (VEGF) when activated. Within 
hours of injury, non-proliferating keratinocytes migrate from the wound edge into the 
wound to reepithelialize the denuded area (Singer and Clark 1999; Engelhardt et al. 
1998). One or two days after injury keratinocytes in the epidermal compartment of the 
wound edge begin to proliferate behind the actively migrating cells. Basal 
keratinocytes of the wound are not able to contribute to this reepithelialization until 
day 7 and day 10. 
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Granulation occurs by proliferation of fibroblasts and endothelial cells. The 
granulation tissue consists of fibroblasts and new capillaries to replace the normal 
components of the tissue on a temporary basis. During the granulation and remodeling, 
ECM reforms and restores. The ECM is composed of collagen, elastin, 
glycosaminoglycans, and chrodroitin-6sulphate. To achieve ECM remodeling, 
fibroblasts break down and re-synthesize collagen fibrils. The impaired wound healing 
is characterized by a more complicated process with more inflammation and more 
granulation than normal wound healing. 
Growth factors are biologically active polypeptides that have the ability to alter 
cell growth, differentiation and metabolism. Paracrine and autocrine are two 
mechanisms that activate growth factors. Growth factors are involved in all wound 
healing phases: blood clotting, secretion of neutrophils, epithelial cell migration, new 
blood vessel growth, fibroblast migration, granulation tissue formation, matrix 
remodeling and collagen deposition (Bennett et al. 2003).  Platelets release Platelet-
derived growth factor (PDGF) and transforming growth factor (TGF) β and other 
growth factors, which initiate the signaling process. Neutrophils and macrophages 
release growth factors to regulate wound healing. Researchers have used growth 
factors to treat diabetic wound since 1970s. Regranex ® Gel is to date the only FDA-
approved product that contains PDGF in the United States.  
PDGF is mainly secreted by platelets, macrophages, and endothelial cells. It is 
involved in inflammation, tissue formation, and tissue remodeling. The main target 
cells of PDGF are neutrophils, fibroblasts, smooth muscle cells and endothelial cells 
(Pierce et al. 1991). Fibroblast growth factors (FGFs) are produced by fibroblasts, 
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endothelial cells, smooth muscle cells, chondrocytes and mast cells. FGFs stimulate 
endothelial cell growth and are involved in migration of keratinocytes, fibroblasts and 
endothelial cells. Keratinocyte growth factor (KGF) is secreted by fibroblasts only. 
KGF participates in keratinocyte proliferation and migration during wound healing, 
and   is important in wound re-epithelialization. Epidermal growth factor (EGF) is 
produced by platelets, macrophages and monocytes, saliva glands, lacrimal glands, 
duodenal glands, and kidney. EGF stimulates epithelial cells growth and is also 
involved  in fibroblast and smooth muscle cell activation. Researchers found that EGF 
enhances epidermal regeneration and accelerates wound healing in pigs. Transforming 
growth factor (TGF) β is secreted by platelets, macrophages, fibroblasts, keratinocytes, 
and neutrophils. The target cells of TGF β are fibroblasts and smooth muscle cells. 
TGF β is involved in cell proliferation, adhesion, differentiation and extra cellular 
matrix protein expression.. Vascular endothelial growth factor (VEGF) is produced by 
platelets and neutrophils. VEGF increases cell migration, vascular permeability and 
blood vessels formation during wound healing (Dvorak 2000). Researchers found that 
VEGF enhances wound healing in rabbits by granulation tissue formation 
improvement.  
Though studies in vitro and vivo showed that growth factors accelerate wound 
healing, only PDGF showed significant effects on healing of diabetic foot ulcers in 
clinical trials. PDGF enhanced impaired wound healing due to ischemia and 
hyperglycemia (Uhl et al. 2003) (Grotendorst et al. 1985). 
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2.2 Impaired wound healing 
 
A wound can be categorized as an acute wound or a chronic wound. Acute 
wounds are caused by external damage and are expected to heal within a predictable 
time frame. Chronic wounds are caused by complex mechanisms and last for months 
or even years. Chronic wounds include pressure sores, venous ulcers, and diabetic 
ulcers (Cook et al. 2000).  Chronic wounds are characterized by a hyperkeratotic 
epidermis at the edge of a necrotic area of tissue heavily infiltrated with inflammatory 
cells (Loots et al. 1998a).  Though the role of non-healing chronic wounds has been 
studied for many years, the exact mechanism is not clear yet. Many factors contribute 
to the chronicity of a wound, including abnormalities in the numbers of certain cell 
types in the area, as well as the cytokines that they produce, preventing entry into the 
proliferative phase of wound healing.  Infection plays an important role in the 
chronicity of diabetic ulcers, especially since diabetes has been shown to impair 
leukocyte chemotaxis (Pereira et al. 1987; Fahey et al. 1991).  Chronic wound fluid 
has been shown to block cellular proliferation and angiogenesis, whereas acute wound 
fluid has a proliferative effect on fibroblasts, keratinocytes, and endothelial cells 
(Duckworth et al. 2004; Lerman et al. 2003). Wounds heal fast if blood perfusion, 
nutrients and oxygen delivery are maximized. Researchers found that if the tissue 
oxygen tension (PO2) is >40 mm Hg, wound healing rate is high. If the PO2 is <20 
mmHg, wound closure will be delayed (Hunt and Hopt 1997). Oxygen is critical for 
cell growth and wound healing. Chronic wounds often suffer from poor blood 
perfusion.  
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Takeuchi et al examined the influence of diabetes on the healing of HCl-
induced gastric lesions. The experiments were performed using 2-wk streptozocin-
diabetic rats with blood glucose levels of >300 mg/dl. Diabetic conditions did not 
affect the development of HCl-induced gastric lesions but significantly delayed the 
healing of these lesions (Takeuchi et al. 1997). 
A human study on 13 patients with diabetic ulcers (mean age of 69.2 y) by 
Loots et al detected persisting neutrophils in chronic wounds (Loots et al. 1998a).  
Compared to day 28 of an acute wound healing model, the number of macrophages in 
both diabetic ulcers and venous ulcers was significantly higher (diabetic p < 0.0011; 
venous p < 0.00001). Those macrophages dominated the edge of the wound, 
indicating they were unable to facilitate the transition between the inflammatory and 
proliferative phase. B cells were found to be significantly higher in the chronic 
wounds than the acute wound (diabetic p < 0.006, venous p < 0.04) Plasma cells, or 
activated B cells, are often associated with the presence of microorganisms. Chronic 
wounds contained significantly high numbers of plasma cells compared to any day in 
the acute wound healing model, most likely due to the constant exposure to bacteria 
within the open wound. Increased levels of CD8+ cells have been associated with 
delayed or non healing wounds suggesting that they play a role in downregulating 
healing. Loots et al found that T cells were present in chronic wounds, although fewer 
than at any time point for acute wounds. The number of CD8+ cells was about the 
same as in the acute model, but the CD4+ population was significantly reduced 
(diabetic p < 0.0029, venous p < 0.0028). This resulted in a significantly depressed 
CD4/CD8 ratio. 
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Diegelmann et al performed a human study on neutrophils in pressure ulcers 
ranging from 1 month to 8 years duration (Diegelmann 2003).  They found a massive 
neutrophil infiltration in the superficial dermis with an increased density of small 
vessels. Many of the neutrophils were found clustered around the blood vessels. In the 
superficial dermis there were areas of ECM dissociation and edema surrounding the 
neutrophil clusters, while the deep dermis did not display as much matrix dissociation 
or edema, although there were increased densities of neutrophils and fibroblasts. The 
wound fluid contained greater than 95% neutrophils with occasional macrophages 
ingesting the neutrophils. 
Studies have shown that fibroblast cultures from chronic wounds have 
decreased population of fibroblast cells (Vande Berg et al. 1998; Agren et al. 1999; 
Stanley et al. 1997; Mendez et al. 1998).  In a study on the growth of human cells 
cultured from chronic venous ulcers, Agren et al found that the growth of fibroblasts 
from chronic wound tissue was severely diminished compared to that of adjacent 
uninjured tissues. The ability to proliferate decreased with the duration of the wound 
from which the fibroblasts were taken. It is possible that the fibroblasts have 
exhausted their proliferative capabilities due to repetitive replication associated with 
the chronicity of the wound. 
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2.3 Important Wound Pathology  
2.3.1 Collagen 
 
 
Collagen fiber is a prominent component of the extracellular matrix and plays 
a key role in wound healing.  Collagen deposition, organization, and orientation are 
correlated with scattering during wound healing (Caria et al. 2004). A full thickness 
wound may heal by wound contraction. Surrounding skin closed the defect and small 
scar develops.  When the individual myofibroblast forms cell-to-cell contraction in a 
multi-cellular unit, the encircling connective tissue is rearranged. The rearrangement 
of collagen frbrils compact the connective tissue.  
Standard procedures to determine collagen concentration in the tissue includes 
hydroxyproline content, modified Bradford protein assay, modified Lowry’s method, 
modified biuret method, and uv absorbance (KomsaPenkova et al. 1996; Lopez et al. 
1993; Goshev and Nedkov 1979; Stegemann and Stalder 1967) (Na 1988; Kligman et 
al. 2000). 
Shuster et al measured skin collagen in 74 Caucasian males and 107 females 
(Shuster et al. 1975). 5 mm biopsies were taken from forearm, defatted in acetone, 
dried to constant weight, and hydrolyzed. Collagen density was measured by 
hydroxyproline content. Collagen density varied from 10 to 310 μg/ sq mm of surface 
area. Females had less collagen than males. Skin thickness was related to collagen 
density and decreased with increasing age.  Collagen density was also significantly 
related to age. Hydroxyproline measurements are based on the oxidation of 
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hydorxyproline and the concomitant chromphore formation with ρ-
dimethylaminobenzaldehyde (Stegemann and Stalder 1967). This method needs to be 
performed on frozen tissues. The collagen content of wounds can assessed by 
determining the amount of hydroxyproline present (Dovi et al. 2003). Hydroxyproline 
is a nonessential amino acid and is the major component of collagen (Detailed 
procedure will be described in the histology section). 
Kligman et al measured collagen content in skin by biochemical analysis 
(Kligman et al. 2000). Briefly, specimens were extracted overnight in a solution 
containing 0.125 M Tris (pH 7.5), 2% sodium dodecyl sulfate and proteolytic 
inhibitors. After centrifugation, the supernatents (soluble collagen) and pellets 
(insoluble collagen) were hydrolyzed in 6 N HCl for 24 h at 107 degree in vacuum. 
Collagen content was determined by hydroxyproline analysis using reverse-phase high 
performance liquid chromatography. Total protein content was determined by amino 
acid analysis. The total collagen is about 0.90 mg/mg protein and 64.26 μg/mg wet 
weight. 
Collagen concentration can also be determined by UV absorbance at 230 nm 
(Na 1988). The results depend on the sample pH, room temperature, and collagen 
aggregate level. Modified biuret method and modified Bradford method are also 
applied for collagen concentration determination. Both methods are used in low 
concentration collagen solution and the sensitivity is not high, which makes them less 
applicable for our study. 
Another routine method to assess collagen fiber concentration is Gomori’s 
trichrome staining method. Briefly, after rehydration with a series of alcohol, slides 
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are washed with distilled water. Sections are immersed in Harris Hematoxylin solution 
(Sigma HHS16) for 5 minutes, and then washed with tap water until the water is clear. 
Sections are immersed in Gomori trichrome stain (distilled water 200.0 ml, 
chromotrope 2R 1.2 g, light green SF 0.6 g, dodecatungstophosphoric acid 1.6 g 
and  glacial acetic acid 2.0 ml) for 10 minutes. Sections are differentiated in 0.2% 
acetic acid for 2 minutes, rinsed with distilled water, and immersed directly into 95 % 
alcohol. Dehydration is continued in ascending alcohol solutions. Final cleaning is 
performed with xylene. The nucleui are stained red-purple and the collagen fibrils are 
stained blue-green. Determination of collagen fiber density is performed by image 
analysis.  
Recently, TRS, confocol images, fluorescence spectroscopy, elastic scattering 
spectroscopy, and second harmonic generation images have been applied to visualize 
collagen structure. Marenzana et al measured fibroblast-seeded collagen gel up to 3 
mm thick by elastic scattering spectroscopy (Marenzana et al. 2002). They delivered 
white light onto the tissue and collected the back-scattered light to analyze early-stage 
responses in collagen lattices.  
 
2.3.2 Angiogenesis 
 
 
Angiogenesis occurs when endothelial cells sprout from preexisting blood 
vessels and then migrate and proliferate to form a cord-like structure (Bauer et al. 
2005).  Normal wound healing is characterized by three overlapping phases: 
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inflammatory phase, proliferation phase, and remodeling phase. Angiogenesis takes 
place primarily during the proliferation phase, normally beginning approximately day 
4 post wounding.  Healing by first intension is the ideal healing by fibrous adhesion 
only, without suppuration or formation of granulation tissue.  Healing by second 
intension is the healing of two granulating surfaces accompanied by suppuration and 
delayed closure. The time and quality of healing of a dermal wound will vary 
according to whether it heals via primary or secondary intention, the size of the wound, 
and many other factors unique to the patient, such as age, smoking, nutritional/health 
status, etc (Lockhart et al. 2003). 
There are numerous factors that stimulate and promote angiogenesis from day 
4 through day 7 during wound healing (Tonnesen et al. 2000b).  When tissue damage 
occurs, cell disruption, hypoxia, and denatured type I collagen are potent initial 
inducers of angiogenesis at the wound site (Tonnesen et al. 2000b).  Injured 
parenchymal cells at the site of a wound release basic fibroblast growth factor (bFGF), 
which may set the stage for angiogenesis during the first 3 days of wound repair 
(Nissen et al. 1998).  Keratinocytes and macrophages at the wound edge have also 
been shown to possess angiogenic activity in the secretion of vascular endothelial 
growth factor (VEGF) during low oxygen tension due to tissue hypoxia (Brown et al. 
1992; Frank et al. 1995; Xiong et al. 1998; Shweiki et al. 1992; Detmar et al. 1997).  
VEGF is a member of the PDGF family and has potent angiogenesis and 
vasopermeability activity.  The presence of fibrin, bFGF, and VEGF in the ECM is 
necessary to actively promote human sprout angiogenesis (Tonnesen et al. 2000b).   
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The secretion of human mast cell tryptase at sites of new vessel formation by 
mast cells has also been shown to stimulate angiogenesis (Tonnesen et al. 2000b).  
Mast cell degranulation is proportional to increases in the network area of vascular 
tube growth and the tryptase aids the extent of Neovascularization (Blair et al. 1997).  
TGF-β may induce endothelial cells to form capillary tube network (Tonnesen et al. 
2000b).  Additional factors affecting angiogenic activity include angiopoietin and 
angiogenin (Vallee and Riordan 1997; Suri et al. 1996). 
The initial stages of angiogenesis occur during the inflammation and 
debridement phase of wound healing.  At this time, there is vasodilation of existing 
vessels in the wound area and small irregularly distributed blood vessels are present at 
the wound periphery (Lockhart et al. 2003). Dilated and hypertrophied blood vessels 
in the periphery deposit increased amounts of fibronectin into their vascular walls 
from day 3 until day 5. MMPs are released and digest the endothelial basement 
membrane, followed by digestion of the surrounding ECM. This allows endothelial 
cells to proliferate and migrate via a cytokine gradient from bFGF and VEGF to the 
site of the digested basement membrane. αυ/β3 and αυ/β5 integrin receptors on the 
endothelial cells, mediate the cell-matrix interactions and allow for this migration. 
Expression of the αυ/β3 integrin receptor is regulated by amounts of fibrin and 
fibronectin in the wound clot. At day 3 the αυ/β3 integrin receptor is localized on 
hypertrophied microvessels in the area around the wound. As they migrate towards the 
area of neovascularization, the endothelial cells continue to proliferate and 
cytoplasmic vacuoles form, which will later become immature leaky tubules (Bauer et 
al. 2005)  (Tonnesen et al. 2000b). 
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On day 4, capillary sprouts, strongly expressing αυ/β3 at the tips, emanate from 
the “mother” vessels and invade the fibrin- and fibronectin-rich matrix in the clot. The 
newly forming vessels first deposit a matrix rich in fibronectin and proteoglycans, but 
ultimately form mature vascular basement membrane.  Periendothelial cells enhance 
cell-cell junctions between endothelial cells, lay down the basement membrane, and 
regulate the luminal diameter (Harry and Paleolog 2003).  The capillary sprouts 
continue to extend, pushed by endothelial cell proliferation from the rear and pulled by 
chemotaxis from the front. The sprouts eventually branch and blood flow through the 
new vessels initiates. At approximately day 5, new small vascular loops are aligned 
perpendicularly to the surface. New sprouts then extend from these loops and form 
capillary networks.  At about day 10, looping vessels parallel to the skin surface with 
partial radial alignment are seen. This process originates in the deep dermis and 
completes in the upper dermis around day 14 (Ashcroft et al. 1997; Lockhart et al. 
2003; Tonnesen et al. 2000b). 
An early stage of remodeling is characterized by a more ordered vessel 
alignment. Organized, aligned blood vessels are seen parallel to the skin surface.  
Following neovascular invasion of the fibrin clot, fibroblasts invade the area and 
orient themselves at right angles to the blood vessels and the clot is lysed. As the 
fibronectin/proteoglycan matrix is cleared from the wound and is replaced by a 
collagen-rich scar tissue during the second week after injury, most of the blood 
vessels degenerate via apoptosis.  When the remodeling phase is complete, larger 
vessels with less branching sprouts are observed. The mature blood vessels no longer 
express αυ/β3 (Tonnesen et al. 2000b; Dyson et al. 1988; Roesel and Nanney 1995).   
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The changes in vessel density in a wound over time strongly support the 
structural changes of the tissue.  A mouse model by Egozi et al showed that 
vascularity steadily increased from day 3 through day 7, followed by a period of 
regression after day 10. 
A human study done by Engelhardt et al did not temporally correlate as well to 
the idea that a prevalence of angiogenesis begins on day 4 during the proliferation 
phase (Engelhardt et al. 1998).  There was an initial increase in vessels in the wound 
area until day 4, followed by constant levels. On day 1 there were an average of 13.5 
+/- 2.3 vessels per field.  This value nearly doubled to 21 +/- 5 vessels per field on day 
4 and remained somewhat constant on day 7 (19.5 +/- 2.8 vessels per field) and day 10 
(19.1 +/- 4.8 vessels per field). 
Diabetic patients often exhibit a state of impaired healing due to numerous 
factors secondary to diabetes.  The process of angiogenesis is no exception to this 
impairment.  Kampfer et al found that VEGF was markedly decreased in diabetic mice 
(diabetic: 120 pg VEGF165/50 mg wound lysate protein; normal: 350 pg 
VEGF165/50 mg wound lysate protein) (Kampfer et al. 2001).  At day 10, normal 
mice exhibited tubular vascular structures in granulation tissue, while the endothelial 
cells in diabetic mice failed to organize into vessel-like structures. 
Venous ulcers are chronic wounds characterized by a specific pathophysiology 
consisting of venous stasis and microcapillary pathology (Browse and Burnand 1982; 
Fagrell 1982; Coleridge Smith et al. 1988; Herrick et al. 1992; Loots et al. 1998a).  In 
this condition, the capillaries experience high pressure, causing them to become 
dilated, twisted, and elongated. Plasma, proteins, and erythrocytes then leak into the 
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surrounding tissue. Some capillaries become occluded, while others are severely 
inefficient and experience a greatly reduced blood flow. This process can be reversed 
with strict bed rest, allowing ulcers to heal in a manner similar to acute healing.  
It is well known that elderly people often have impaired immune systems and 
take longer to heal than younger individuals.  This was demonstrated by Ashcroft et al 
in an incision wound healing model using young (6 mo), middle aged (18 mo), and old 
(30 mo) mice (Ashcroft et al. 1997).   In this study, the rate of angiogenesis was 
assessed by analysis of the cross sectional area of blood vessels stained with vWF over 
a period of 56 days (Figure 2).  In old mice, the orientation of the blood vessels was 
perpendicular to the surface, but with a greater degree of randomness than the younger 
mice.  
Microvessel Density will be an indication of angiogenesis, and increased 
absorption by NIR. We expect that the absorption coefficient should be higher when 
new vessels are coming into the wound site.  
Standard methods to measure micro vessel density include CD31, CD34 
immunostaining, von Willebrand Factor (vWF) immunostaining, and Lectin binding. 
More than 1500 article used CD-31 to immunochemically identify microvessels in 
tissue. CD31, also known as PECAM-1 (platelet endothelial cell adhesion molecule-
1), is a 130-kDa type-I integral membrane glycoprotein. CD31 is abundantly 
expressed in endothelial cells. It is also expressed in platelets, monocytes, neutrophils 
and a subset of T cells (Newman and Newman 2003) (Fujiwara 2006). The CD31 
immunohistochemical staining is usually performed following the protocol of Huss 
(Huss et al. 2001).  
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von Willebrand Factor (vWF) is a large glycoprotein with a multimeric 
structure and a molecular mass ranging from 500 kDa up to more than 10,000 kDa 
(Muller et al. 2002) (Jones and van Rij 2000). vWF is present in plasma, in the Weibel 
Pallade bodies of endothelial cells, in megakaryocytes and platelets derived from 
them, as well as in the subendothelial matrix of the vessel wall. Expression of the von 
Willebrand Factor gene is tissue specific and confined to endothelial cells and 
megakaryocytes. Von Willebrand Factor serves as a carrier for Factor VIII in plasma, 
protecting the circulating coagulation coenzyme from proteolytic degradation. vWF is 
a useful tool for studying angiogenesis. 
Lectin staining is a popular method to stain vessels. Lectin is a sugar binding 
protein of non-immune origin that agglutinates cells or precipitates glycoconjugates. 
Lectin can be used as a marker of angiogenesis because it binds to endothelial cells. 
Lectin binding reveals the overall vascular architecture (Thurston et al. 1998) (Kertesz 
et al. 2004). Formalin fixed paraffin-embedded tissue sections are usually used to 
perform the staining. (Details will be described in the histology section.) 
Determination of microvessel density is performed as described by Weidner et 
al. (Weidner et al. 1991). Vessel count is assessed by light microscopy in areas of the 
wound tissue containing the highest number of positive lectin staining. The highly 
vascular areas can be identified by scanning tissue sections at low power. After six 
areas with the highest vacuolization have been identified, a vessel count is performed. 
The average counts of the six areas are calculated. 
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2.4 Methodologies Used in Wound Assessment 
 
 
Wound assessment is a critical component of effective wound management. 
Accurate wound assessment is based on normal skin and tissue anatomy and wound 
healing physiology. The frequency of wound assessment depends on the wound 
characteristics and the patient's health care setting. 
Traditional wound assessment factors include: location, dimension, depth, 
appearance of wound base, status of wound edge and surrounding tissue, 
epithelialization of wound margins, drainage, evidence of infection and granulation 
tissue formation. The current recommendation for the most accurate wound 
measurement is to multiply the point of greatest length by the point of greatest width 
by the point of greatest depth. When using this technique, greatest depth is measured 
by placing a cotton-tipped applicator into the wound at the deepest point, marking or 
pinching the applicator at the skin level, then comparing the applicator to a ruler. 
Current terminology of clinical examination is subjective. Histological biopsy 
examination is invasive, expensive and impractical limiting the capability to determine 
wound parameters precisely. 
In order to assess the efficacy of therapeutic intervention and to document 
change in response to treatment, several methods for measuring wound surface area 
(WSA) have been proposed for objective wound measurements.  
Majeske et al measured wound surface area with transparancy film tracing (Majeske 
1992). Sterilized transparency film was placed over the wound, and the wound’s 
perimeter was traced with a pen. After tracing each wound on transparency film, 
  
- 25 -
wound area was calculated by a ruler (Dyson and Suckling 1978), graph paper 
(Fergusson and Logan 1961), planimeter (Yucel and Basmajian 1974), or a 
digitizer(Anthony 1985).  
Other methods are available that measure wound volume. Berg et al (Berg et al. 
1990) measured the volume of pressure sores. The sore was covered with a transparent 
film which follows the previous skin as much as possible. An isotonic solution was 
injected through the film. The amount of fluid required to fill the sore represents the 
sore volume. 
Other filling substances such as alginate have also been used to assess wound 
volume. A mold is made of the wound, and the cast can be weighed and that weight 
divided by the density of the casting materials represents the wound volume.  
These techniques have been described in various articles in the literature, and 
the relative merits and relative accuracy of each have been the subject of several 
studies reported in the literature. These methods of wound assessment are low cost and 
relatively easy to use. However, the assessment of the wound state depends highly on 
the individual rater’s reliability. The contact methods of measuring a wound risk 
wound contamination. They may also disrupt the tissue when contact is made, and 
therefore are limited in practical use. Fluids may be spilled on the bed or clothing may 
become a vector for the spread of pathogens from the wound site to other patients or 
clinical staff. 
Because of the limitations of these techniques, non-contact methods based on 
photographic methods of wound measurement have been explored. Griffin et al 
(Griffin et al. 1993) compared transparency film tracing with photographic images. 
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They made a slide of the ulcer and then outlined ulcer margins from the projected slide. 
Photographic images of slides were taken to calculate WSA. They concluded that the 
photographic method provided reliable measurements although the transparency 
method was more economical than the photographic method. 
Photographic methods have the advantage that they do not require contact with 
the wound, thus avoiding damage to the wound bed or contaminating the wound and 
its surroundings.  
Film images have been replaced by digital images in recent years. Digital 
images with color-based image analysis have been used to determine wound area and 
evaluate wound healing in real time (Plassmann and Jones 1998; Kalns et al. 2004). 
In recent years, new technologies including laser Doppler, ultrasound, and 
thermography offer more accurate and objective measurements.  
Laser Doppler investigates tissue changes based on the frequency shift of 
reflecting light from the skin. This technology has been used to measure red blood cell 
volume and velocity (Holland et al. 2002). Yeong et al used Laser Doppler technology 
to quantify blood flow in burn wounds at depths up to 1- 1.5 mm3 (Yeong et al. 1996). 
They also performed another study to predict burn healing time by using laser doppler 
techniques. Wound vasculature parameters including flux values, heat stress and flow 
motion vascular wave pattern were used to predict whether or not a burn wound would 
heal within 14 days. The laser Doppler instrument requires perfect probe-to-wound 
surface contact, which is difficult since it is a 1-millimeter spot measurement.  
Bray et al used the Laser Doppler Flowmetry (LDF) to assess tissue perfusion 
in healthy and burned tissue (Bray et al. 2003). It was used to measure tissue 
  
- 27 -
microvasculature in small fractions of tissue. They found a highly significant positive 
correlation between LDF measurements and  clinical grading of burns. LDF was 
limited by its single point measurement. Laser Doppler perfusion imaging (LDI) was 
developed to measure blood flow in a redefined area by scanning the area. This non-
contact method measures tissue blood flow by generating a 2D image which offers a 
color-coded map representing microvascularization.   
Sonoluminescence tomography (SLT) technology has been used for non-
invasive cross-sectional tissue imaging. The spatial resolution for SLT is 2-3 
millimeters.  The high contrast of imaging,  high signal-to-noise ratio,  good spatial 
resolution, and low cost make this technology capable of measuring tissue vasculature, 
inflammation, and edema (Shen and Wang 1999). 
Wound temperature is an indicator of wound depth. Deeper wounds are colder 
in comparison to superficial wounds because of less vascular perfusion near the 
surface. Based on the wound temperature, thermography has been used to assess 
wound (Still et al. 2001). Thermography is able to correlate wound temperature to 
wound depth.  
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Chapter 3: Literature Survey of Optical Methods 
 
3.1 Diffuse Reflectance Spectroscopy 
 
Diffuse Reflectance Spectroscopy (DRS) is a non-invasive optical method that 
can provide quantitative information about the structure and composition of the 
superficial layer of biological tissues (Zonios et al. 1999). This method is used at 
wavelengths where absorption of oxy-hemoglobin and deoxy-hemoglobin is high, if 
one wants to evaluate tissue oxygenation, and at these wavelengths the depth of light 
propagation in tissue is less than 0.5mm. DRS can measure tissue optical properties 
that relate to tissue oxygenation when appropriate wavelengths are used, and it can 
also provide information about the size and distribution of cells, organelles, collagen 
fibers, and heterogenous tissue structures (Georgakoudi et al. 2002; Knoefel et al. 
1996b; Backman et al. 2000). Hemoglobin is the main tissue absorber in the visible 
range of the spectrum (Georgakoudi et al. 2002).  Deoxyhemoglobin (deoxy-Hb) 
displays an absorption peak at 560nm, while Oxyhemoglobin (oxy-Hb) displays peaks 
at 540 nm and 576nm. The absorption of the two chromophores is equal (an isobestic 
point) at 800 nm (Figure 1). Additionally, water displays a strong peak absorbance 
around 980 nm (Stranc et al. 1998b). 
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Figure 1: Hemoglobin absorption [1] 
 
 
 
Components of a DRS system include a light source, a probe, an analyzer and 
a detector (Liebold et al. 2000b).  The probe shines the light onto the skin and detects 
reflected light. DRS light sources includes tungsten, xenon, or halogen lamps or laser 
diodes. The light is transported to and from the device via a bifurcated randomly 
mixed fiber optic bundle, commonly consisting of glass fibers (Bykowski et al. 2004).  
The randomness of the fiber locations allows all wavelengths to be recorded equally 
(Knoefel et al. 1996b).  The penetration depth of light depends on the optical 
properties of the tissue, the distance between the source and the detector fibers, and 
the wavelength of the light.   The longer the wavelength, the deeper it will enter the 
tissue. Once light enters the tissue, it is partially absorbed and scattered multiple times, 
according to how it interacts with the different tissue structure, and it is then reflected 
back to the detector. 
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In order to determine the apparent absorbance of tissue, one must compare the 
intensity of light collected from a reference (calibration) sample (Io) to the intensity of 
light collected from the tissue sample (Iρ) by using the following equations  
A(λ)=log (Io (λ)/ Iρ (λ)) 
Acorr (λ)=A(λ)- Am(λ) 
Am(λ)=slope (630nm-700nm)* λ + intercept (630nm-700nm) 
Where A(ג) is the apparent absorbance, and the scattering intensity is represented by 
Am(λ); I0 (ג) is the intensity of diffusely reflected light from the reference, and Iρ (ג) is 
the intensity of diffusely reflected light from the tissue. Acorr (λ) is the corrected 
absorbance by taking into account the scattering at wavelength λ (Stamatas et al. 
2004).  
The intensity of the detected light depends on both the absorbance and 
scattering of the tissue. In the region of wavelengths 630nm to 700nm, scattering is 
about 50 times higher than its absorption (Muller et al. 2003; Knoefel et al. 1996b). 
Therefore, the collected spectrum from this region is mostly from scattering.  The 
concentration of Hb and HbO2 in the tissue can then be calculated from the values 
obtained for absorbance. There is a peak of oxy-hemoglobin absorption at 560nm. The 
difference of oxy-hemoglobin and deoxy-hemoglobin at 576 nm can also be used to 
extract oxy-hemoglobin and deoxy-hemoglobin concentration in the skin using the 
following equations: 
εHb0560 [HbO] + εHb560 [Hb] =Acorr (560) 
εHb576 [Hb] + εHb0576 [HbO] =Acorr (576) 
SO2 = [HbO]/ ([Hb] + [HbO]) 
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Where εHb560 ,εHb576 ,εHbO560 , and εHbO576  are the extinction coefficients of Hb 
and  HbO at 560 and 576 nm. [Hb] and [HbO] are the concentrations of deoxy-
hemoglobin and oxy-hemoglobin. SO2 represents the oxygen saturation. 
The majority of clinical uses of DRS are based on the idea that DRS can be 
used to determine the concentration of deoxyhemoglobin and oxyhemoglobin.  Since 
DRS only probes into the upper 300 μm of a tissue, it does not reach the depths of 
muscle and the absorption values for hemoglobin will not be obscured by myoglobin.  
This provides a better indication of the vascular health of the skin. McMurdy et al 
were able to measure the concentration of Hb and HbO in an assessment of anemia 
(McMurdy et al. 2006). Because tumor growth is accompanied by the development of  
vascularization, increased blood flow and therefore increased hemoglobin 
concentration, DRS can be really useful to differentiate normal from tumor tissue, if 
tumor occurs at superficial depths. DRS has been applied to assess the circulation and 
oxygenation of gastric mucosa (Sato et al. 1979), gastroduodenal mucosa (Kamada et 
al. 1983; Kamada et al. 1982; Leung et al. 1987), the pancreas (Knoefel et al. 1996b), 
the rat brain (Ikeda and Matsushita 1980), and the adipose tissue (van Beekvelt et al. 
2001). Additionally, the oral cavity (Inaguma and Hashimoto 1999; Betz et al. 1999; 
Gillenwater et al. 1998; Dhingra et al. 1996), the GI tract (Panjehpour et al. 1995; Vo-
Dinh et al. 1998; Panjehpour et al. 1996; Vo-Dinh et al. 1995; Stepp et al. 1998; 
Messmann et al. 1999; Braichotte et al. 1995; von Holstein et al. 1996; Wallace et al. 
2000; Cothren et al. 1990; Schomacker et al. 1992; Mycek et al. 1998), the colon 
(Zonios G 1999),  the bladder (Mourant et al. 1995), the skin (Marchesini et al. 1991), 
the lung (Hung et al. 1991; Lam et al. 1993), the breast (Breslin et al. 2004), and the 
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cervix (Mitchell et al. 1999; Ramanujam et al. 1996) have all been evaluated for 
differentiation between benign and malignant tumors. Biglio et al were able to 
measure diffuse reflectance spectra in breast tissue through a core biopsy needle 
during breast cancer surgery (Bigio et al. 2000).  They were able to differentiate 
normal from tumor tissue with a specificity of 85-95% and a sensitivity of 60-70% 
(Bigio et al. 2000). Changes in the heterogeneous hemoglobin distribution within 
breast tumors during chemotherapy were demonstrated by Zhu et al, while Choe et al 
were able to quantify optical contrast of breast tumors during chemotherapy (Zhu et al. 
2005; Choe et al. 2005).  DRS was also used to aid in the diagnosis of squamous 
intraepithelial lesions (SILs) according to the changes of optical properties. Squamous 
intraepithelial lesions (SILs) changed the density of the collagen network and 
therefore contributed to changes of the reduced scattering coefficient (Hornung et al. 
1999; Georgakoudi et al. 2002). DRS technology is able to distinguishing cancerous 
tissue from abnormal non-neoplastic tissue. It aids physicians in making decisions on 
which areas to biopsy.  Not only does DRS help clinicians choose sites for biopsy, but 
it also eliminates the negative aspects of performing biopsy alone (elaborate / invasive 
and unable to probe too many sites).  DRS is not associated with error produced by 
artifacts or sampling errors, and is free of subjective interpretation. DRS also can help 
monitor the progression and effectiveness of tumor therapies (Sunar et al. 2006). Since 
data is produced in real time, a doctor can make an immediate decision on how to 
successfully treat the patient.  Many times, DRS is able to detect very early stages of 
dysplasia before those changes are identifiable by biopsy sampling or endoscopy, 
allowing for early treatment while curative therapy is still conceivable. If resection is 
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required, DRS can be used to locate the exact tumor margins to ensure that all of the 
neoplastic tissue is removed.  Improving the biopsy sampling process will shorten the 
duration of the procedure, reducing the risk to the patient, and will cut back on 
laboratory costs.  
Numerous studies have been done to distinguish between benign and 
malignant pigmented tumors, as well as to determine the amount of melanin in the 
skin. Marchesini et al found that malignant melanoma produced a decreased 
hemoglobin absorbance at 580 nm due to a decreased network of capillaries 
(Marchesini et al. 1991). DRS can also distinguish the optical properties of port wine 
stain from nevus flammeus (Feather et al. 1988).  The amount of melanin in the skin 
can be assessed by absorbance of diffuse reflectance spectra (Sowa et al. 2002). 
(Figure 2)  
  
 
 
  
 
Figure 2 : Extinction coefficients in the spectral region 500– 650 nm of deoxyhemoglobin (Hb), oxyhemoglobin 
(HbO) and melanin (Sowa et al. 2002) 
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DRS has also been used to measure UVB induced erythema, or assessment of 
the efficacy of topical drugs, such as corticosteroids (Liebold et al. 2000b).  Some 
cutaneous studies use DRS to assess the perfusion of blood flow in the area.  Impaired 
perfusion affected wound healing. DRS is a valuable tool to evaluate the severity of 
the perfusion insufficiency, and monitor perfusion of certain areas will assist in 
evaluating the effectiveness of vascular reconstruction following surgery (Lundell et al. 
1995; Visser et al. 2001). 
However, in order to obtain consistent data, the conditions under which 
measurements are taken must be standardized.  The investigation room should be 
controlled for ventilation, humidity, temperature, and lighting. Because cutaneous 
blood flow is altered by skin temperature, the absorption and scattering coefficients 
will be altered if the local skin temperature is not controlled (McMurdy et al. 2006).  
Before measurements are taken, patients should be given 10-15 minutes to rest so that 
their skin is equilibrated with the controlled environment (Liebold et al. 2000b).  The 
optical properties of the tissue can vary drastically with changes in chemical, structural, 
and physiological variations in the skin, such as changes in hydration. These changes 
will greatly affect the volume of tissue sampled and depth of light penetration, altering 
the measurements.  For example, very tight, dry skin will scatter light more efficiently 
than soft, supple skin (Anderson and Parrish 1981).  
Another parameter that can drastically alter the measurements is the pressure 
with which the probe is applied to the skin.  An increase in pressure will disrupt the 
flow of blood in the dermal plexus, decreasing the absorbance. Geyer et al found that 
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the parameters modifying spectral remittance included pressure, greasing, and 
degreasing (Geyer et al. 1996).  Additionally, Karamfilov et al were able to show that 
increasing the amount of force applied by the probe caused variation in spectra for 
different areas of the body (forearm, frontal, hand, cheek, back) (Karamfilov et al. 
1999).  
 
3.2 Near InfraRed Spectroscopy 
 
 
Near infrared light between 650nm and 1000 nm provides a ‘diagnostic 
window’ for non-invasive measurements of biological tissue because oxygenated 
hemoglobin (oxy-Hb) and deoxygenated hemoglobin (Deoxy-Hb)  are the main 
absorbing species (Strangman et al. 2003; Stranc et al. 1998a).  In recent years, Near 
Infrared Spectroscopy (NIR) has been used to monitor changes of tissue optical 
properties in different medical applications including muscle monitoring, brain 
function, and fetal monitoring (Hueber et al. 1999) (Fantini and Conte 1995; Chance et 
al. 1992b). 
The light propagation in tissue can be represented as a diffusive process. When 
light shines on the skin, part of it enters the tissue and part of it is reflected. Reflection 
occurs when the light passes through the interface of two media with different refractive 
indices (Malin et al. 1999; Muller et al. 2003). Absorption occurs when the particles in 
the tissue absorb the energy from the incident photons. The absorption coefficient ( αμ ) 
measures the light attenuation caused by absorption of energy that results from light 
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propagation through a medium. It is usually expressed in units of reciprocal distance (cm-
1). Scattering occurs when photons interact with particles in the tissue and change their 
travel direction without any change in their incident wavelength and energy. The 
scattering coefficient ( sμ ) expresses the attenuation caused by light scattered during its 
propagation through the medium. It is also expressed in units of reciprocal distance (cm-1). 
The reduced scattering coefficient ( sμ ’) is defined as a function of the scattering 
coefficient. sμ ’ = sμ (1-g), where g is the average cosine angle of the scattering. A 
photon is scattered by a particle so that its trajectory is deflected by a deflection angle. 
The component of the new trajectory which is aligned in the forward direction is the 
cosine angle. On average, there is an average deflection angle and the mean value of 
cosine angle is defined as the anisotropy g.  
The absorption of light in Near Infrared (NIR) region by skin has been 
assumed to be primarily due to oxyhemoglobin (oxy-Hb), deoxyhemoglobin (deoxy-
Hb) and melanin. Peaks of water absorption occuring around 950 nm can also provide 
useful information in various areas (Liebold et al. 2000a; Brezinski et al. 2001). 
Detailed information about individual scatterers in the tissue is not available. There are 
a number of hypotheses for scattering in tissue from various microstructures. 
Scattering structures in tissue include micro vessels, collagens, and cells (Ferdman and 
Yannas 1993) (Mourant et al. 1998).   
Currently there are three major approaches in the NIR range to measure sμ ’ 
and αμ  in tissues: continuous wave devices, time resolution spectroscopy and 
frequency domain devices. The key difference among the techniques lies in the source 
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of incident light. Constant wave (CW) devices use constant power laser and measure 
the reduction in light absorption as a function of source-detector separation. The 
source intensity is constant and the only parameter that needs to be measured is 
amplitude change (Cheng and Boas 1998) (Siegel et al. 1999) (Culver et al. 2003). 
Chance et al used the continuous wave NIR instrument to measure muscle 
oxygenation change during exercise (Chance et al. 1992a). Chance et al also used the 
CW NIR instrument to study brain function and detect breast cancer (Chance et al. 
2005). Heffer et al also used CW NIR technology to create hemoglobin concentration 
map in human breast (Heffer et al. 2004b). This method is the least expensive but 
provides only relative information of absorber concentration. It only monitors intensity 
changes and as such provides the least amount of information, although at a very cost 
effective way. In the CW technology it is impossible to separate absorption attenuation 
from scattering effects.  
Time resolution spectroscopy (TRS) employs a pulsed light source with pulse 
duration around 10ps to obtain tissue optical properties (Ntziachristos et al. 1998) 
(Jacques 1989).  It measures the transmitted or reflected light from tissue. Ohmae et al 
used time resolved spectroscopy (TRS) to evaluate cerebral hemodynamics and 
correlated with simultaneous positron emission tomography measurements (Ohmae et 
al. 2006). Honar et al used NIR-TRS to study the photon path in breast tissue (Honar 
et al. 2003).  Hemelt et al used NIR-TRS to detect deep vein thrombosis (Hemelt et al. 
1997). This method yields the most information when the signal-noise ratio is small 
but is difficult to implement in a clinical setting because it is complex to operate and 
expensive.  
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Frequency domain devices use radiofrequency intensity-modulated light and 
measure light intensity changes as well as phase shift. Zhao et al used frequency domain 
NIR technology to study muscle energy metabolism (Zhao et al. 2005). Tromberg et al 
used photon migration spectroscopy to characterize breast tumors (Tromberg et al. 
2000). Srinivasan et al also used frequency domain NIR technology to detect breast 
tumors (Srinivasan et al. 2006). Choe et al used frequency domain NIR to measure 
hypoxic stress in fetal sheep brain (Choe et al. 2003b). Wolf et al used frequency 
domain NIR as a brain pulse oximeter (Wolf et al. 2003). Pham et al used frequency 
domain NIR to monitor tumor response during photodynamic therapy (Pham et al. 
2001). In this thesis the frequency domain technique with a single modulation frequency 
(70 MHz) and variable source-detector separations was used to estimate sμ ’ and αμ  
from wound tissue. The amplitude attenuation and phase lag of the collected diffuse light 
were measured. 
 
Diffuse Photon Density Wave 
 
 
 
Diffuse Photon Density Wave methodology (DPDW) is used to describe the 
transport of light photons in highly scattering media. Photons randomly travel within a 
highly scattering medium (e.g. tissue) and add up incoherently to form a wave that 
consists of a DC component and an AC component. Based on the diffusion approximation, 
the Boltzmann transport equation can be converted to the time-dependent diffusion 
equation:  
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Here Φ(r,t) is the photon fluence (photons/[cm2*sec]) represented at position r and 
time t. V is the speed of light in the tissue ((3/1.4*1010)*cm/sec). D is the photon 
diffusion coefficient, which is 1/3( αμ + 'sμ ). αμ  is the absorption coefficient. 'sμ is 
the reduced scattering coefficient. S(r,t)= (Sdc+Sac*e-iωt). S(r,t) is the source of photons, 
where Sdc is the DC component of the source and Sac is the AC component of the 
source, ω is the modulation frequency that oscillate the photon fluence.  S(r,t) 
represents the number of source photons emitted per second. Equation 1 is valid when 
a) the radiance is quasi-isotropic, b) the reduced scattering coefficient 'sμ  is much 
greater than the absorption coefficient αμ , c)  the modulation frequency is less than 
the frequency of photon collisions.  
Analytical solution of the diffusion equation can be obtained for only specific 
boundary conditions. For wound measurements, the probe is placed on the air-tissue 
interface and represents a semi-infinite geometry. Therefore, the Extrapolated Zero 
Boundary Condition for semi-infinite media, where the fluence rate is nonzero on the 
boundary but extrapolates to zero at some distance Zb above the tissue surface, 
becomes a good approximation;   Therefore the solution of the diffusion equation (1) 
can be represented as: 
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Here ρ is the source-detector separation. k= kreal+ ikimag is a complex diffuse wave 
wavenumber: 
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Here Reff is the effective reflection coefficient of light. In the semi-infinite geometry, 
when the source-detection separation is much greater than the transport mean free path 
l* (ρ>3 l*) the solution equation (2) can be rewritten as a simple linear equation: 
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Here Aatt  is the attenuation of amplitude between the source signal and the detected 
signal. A0  is the initial amplitude of the instrument.  Θlag is the phase delay between 
the source signal and the detected signal. Θ0 is the initial phase of the instrument. The 
logarithm of the amplitude decay and phase shift varies linearly as a function of the 
source-detector separation.  
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Briefly, the frequency domain instrument used in this research measures 
intensity change and phase delay between collected light and incident light. Based on 
equation (5), the complex diffuse wave wavenumber: kreal+ ikimag is calculated. The 
absorption coefficient αμ  and reduced scattering coefficient, sμ  are calculated by 
equations (3) and (4) after the wavenumber equations are solved.  
The basis for wound healing diagnosis using the NIR methodology relies mainly on the 
difference of absorption and reduced scattering coefficients of wound tissue compared to 
surrounding normal tissues. The absorption and reduced scattering coefficients are 
calculated at different wavelengths from the phase shift and amplitude differences 
relative to the reference signal at specific wavelengths as a function of the source-
detector separation ρ (4mm, 8mm, 12mm, and 16mm). (Fishkin and Gratton 1993) 
Wound tissue hemoglobin concentration and oxygen saturation can be calculated by 
solving the following equations: 
µa690=εHb690 [Hb] + εHbO690 [HbO] + εH2O690 [H2O]    (6) 
µa780=εHb780 [Hb] + εHbO780 [HbO] + εH2O780 [H2O]     (7) 
µa830=εHb830 [Hb] + εHbO830 [HbO] + εH2O830 [H2O]      (8) 
SO2 = [HbO]/ ([Hb] + [HbO])                                            (9) 
where Ua690, Ua780 and Ua830 are the experimental absorbances determined by our 
measurement at wavelengths 690nm, 780nm and 830nm.  εHb690 , 
εHb780 ,εHb830 ,εHbO690 ,εHbO780 ,εHbO830, εH2O690, εH2O780 , and εH2O830 are the 
extinction coefficients of Hb, HbO, and H2O at 690, 780 and 830 nm. [Hb], [HbO], 
and [H2O] are the concentration of deoxy-hemoglobin, oxy-hemoglobin and water. 
SO2 represents the oxygen saturation. 
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NIR Application  
 
 
The Britton Chance group (Choe et al. 2003a) measured the reflected photon 
fluence [µa(r, ),µ's(r, )] at the surface of the medium. This method depends on the 
tissue absorption coefficient (µa) and reduced scattering coefficient (µ's) and the 
separation between the source and detector, r, at a given wavelength λ. They used 12 
source-detector separations from 1.5cm to 9.5cm in this study. The probe consists of 
six source fibers and two detector fibers. Three laser diodes were used to produce light 
at wavelength 675, 786, 830nm. The light was modulated at 70MHz frequency. µa and 
µ's are determined by a minimization algorithm.  
 Chance et al used measured fluences from NIR measurements and calculated 
fluences from a two layer diffusion model to measure µa . After µa is determined, 
concentrations of oxyhemoglobin (CHbO2) and deoxyhemoglobin (CHb) are calculated 
by following equation:  
µa  (λ)=εHbO2(λ) CHbO2 + εHb(λ) CHb +µb       (10) 
where λ is the wavelength, ε is the extinction coefficient, C is the concentration, 
and µb is the background absorption. Total hemoglobin concentration (THC = CHb + 
CHbO2) and tissue blood oxygen saturation [StO2 = (CHbO2/THC) x 100] were 
calculated.  
Tromberg et al (Shah et al. 2004) measured optical properties of healthy breast 
tissue. This method assumed breast tissue is composed of four principal NIR absorbers: 
deoxy-hemoglobin (Deoxy-Hb), oxy-hemoglobin (Oxy-Hb), lipids, and water. 
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Melanin was neglected because of the small contribution to the total sample volume.  
They used a network analyzer to produce modulation frequencies from 50MHz to 
1GHz. Seven laser diodes (674, 780, 803, 849, 894, 915, and 980 nm) were employed  
to produce light. The source and detector distance was fixed at 21mm. They used an 
RF switch so that only one laser is modulated at a time. The range of modulation 
frequencies was swept repetitively so that each amplitude and phase value represents 
an average of four measurements. To determine the optical properties from breast 
tissue, Tromberg et al used the Marquardt-Levenburg 2 minimization algorithm to fit 
the amplitude and phase by minimizing the difference between the measured values 
and those predicted by the P1 approximation. Hemoglobin and lipid concentrations 
were calculated using least squares fitting. Total hemoglobin concentration (THC = 
CHb + CHbO2) and tissue blood oxygen saturation [StO2 = (CHbO2/THC) x 100] were 
calculated.  
Tromberg et al combined frequency domain and broadband steady state light to 
get absolute absorption spectra over wide range of wavelengths. The instrumentation 
is basically a combined frequency domain NIR spectrometer and diffuse reflectance 
spectrometer with a CCD camera. Tromberg et al used the combined optical method to 
monitor effectiveness of neoadjuvant chemotherapy and photodynamic therapy in 
cancer (Jakubowski et al. 2004). 
Fantini et al (Heffer et al. 2004a) measured hemoglobin concentration of breast 
tissue and developed oxygenation images. They employed the 70-MHz frequency to 
modulate light at four wavelengths (690, 750, 788, and 856 nm) and collected 
amplitude and phase data from the breast tissue. The source-detector separation was 6 
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cm. The breast is slightly compressed between two glass plates where source and 
detection fibers are located collinearly on either side of the breast. The fibers are 
scanned in tandem in a raster pattern over the entire area of the breast. Fantini et al 
extract µa  and µ's as solutions of the diffusion equation for a sphere embedded in an 
infinite medium. Oxy-Hb and Deoxy-Hb concentrations were calculated. Total 
hemoglobin concentration (THC = CHb + CHbO2) and oxygen index [StO2 = 
(CHbO2/THC) x 100] were calculated.  
One interesting use of NIR is the identification of active areas in the brain.  
Due to the longer wavelengths associated with NIR, light is able to project through the 
scalp and skull to detect cortical concentrations of Hb and HbO2 (Bortfeld et al. 2007).  
When an area of the cortex is activated, there are increased energy demands, causing 
an increase in cerebral blood flow to the activated areas, delivering oxygen and 
glucose to the tissue. Increased blood flow leads to an increase of blood volume in the 
area and therefore an increase in the total hemoglobin.  Typically, during cortical 
activation, the local concentrations of Oxy-Hb increase, while the concentrations of 
Hb decrease (Bartocci et al. 2000; Hoshi and Tamura 1993; Jasdzewski et al. 2003; 
Kleinschmidt et al. 1996).  The effectiveness of NIR in determining cortical 
oxygenation is proven by the consistency to the same values, as determined by other 
imaging techniques such as fMRI and PET when used simultaneously (Kleinschmidt 
et al. 1996; Strangman et al. 2002; Villringer and Chance 1997).  By tracking the areas 
of increased blood flow in the brain over time, the cognitive and perceptual 
development of the brain may one day be better understood. The ability of NIR to 
monitor cerebral blood flow will prove to be very useful in monitoring stroke patients 
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and patients with other vascular diseases (Liebert et al. 2004; Bortfeld et al. 2007). 
NIR has been used to measure systemic and cerebral oxygenation (via hemoglobin 
absorbance), as well as to identify hundreds of chromophores in plasma, including 
glucose, total protein, triglycerides, cholesterol, urea, creatinine, and uric acid. 
Although the non-invasive monitoring of blood glucose via NIR has been patented and 
could be life altering for diabetics, the technology has not yet been perfected.  It may 
be some time before the glucose absorption can be separated from that of the 
overlapping water bands (Yamakoshi and Yamakoshi 2006).  NIR can also be used to 
characterize metalloproteins (Shaw and Mantsch 2000).  With respect to the flow of 
blood through blood vessels, NIR has also been used to identify cholesterol, High-
density lipoprotein (HDL), and Low-density lipoprotein (LDL) in arterial tissue 
through blood, without directly contacting the wall of the blood vessel (Cassis and 
Lodder 1993).  The histologic features of vulnerability in aortic plaques characteristic 
of those commonly associated with acute ischemic events has been evaluated during 
autopsy with NIR. It is hopeful that this technique can be applied to living patients to 
help identify potential areas of vulnerable plaque that are prone to embolize (Moreno 
et al. 2002). 
Similarly, ischemic areas of exposed myocardium (Nighswander-Rempel et al. 
2002) and the severity of deoxygenation can be identified via NIR.   
Another recent use of NIR is in the area of skin damage assessment and the 
potential for a burn to heal.  Most frequently this has been done with studies on burns 
or skin flaps.  Sowa et al was able to show that burns of differing severity exhibit 
different optical properties due to varying hemodynamic changes immediately after 
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injury (Sowa et al. 2001).  When the optical properties of a burn are compared to those 
of adjacent uninjured tissue, the burn thickness can be determined (Sowa et al. 2001).  
Using NIR, one can identify whether a burn is superficial, intermediate or deep partial 
thickness, or full thickness. 
One potential benefit of NIR to reconstructive surgeons is the ability to predict 
postsurgical skin viability (Stranc et al. 1998a).  Due to the many water absorption 
peaks within the NIR range, especially those at 970 and 1450 nm, one can determine 
the extent of edema or dehydration in a tissue. Sowa et al found that the use of NIR to 
predict the clinical outcome of skin flaps was better than the corresponding Doppler 
perfusion measurements (Sowa et al. 1999). 
  
Chapter 4: Our Approach 
 
4.1 Handheld imaging system 
 
4.1.1 Hand held imaging system set up 
 
 
 
In this thesis we report the development and use of a low cost, portable, non-
invasive imaging station that provides wound information with improved accuracy and 
can be of great help in the wound treatment. This portable handheld imaging system 
was used to quantify wound dimensions and wound geometry, and provide images to 
predict wound healing. In the study, our aim was to assess wound size and evaluate 
wound healing from consistent image registration. Image analysis of wound area was 
performed on two groups of animals: one exhibiting impaired wound healing due to 
diabetes and one control group exhibiting normal acute wound healing. Wound images 
were used to evaluate healing characteristics of impaired wound healing and acute 
wound healing. This technique provided accurate wound area measurements that can 
be used to early identify wound response to treatment, to make timely changes in 
therapy.  
The portable handheld imaging system was designed to capture 4 different 
images each under different light conditions: a visible image, a cross-polarized image, 
a parallel-polarized image, and an ultraviolet (UV) fluorescence image.  The system 
was designed to satisfy the following objectives: (1) correlate to the visual perception 
of the wound based on the visible image, (2) enhance the surface detail of the wound 
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and the surrounding tissue based on the parallel-polarized image, (3) enhance the 
subsurface details of the wound based on the cross-polarized image, and (4) quantify 
the level of collagen cross-links based on the UV fluorescence image. To accomplish 
this, the system is based on a Nikon D100 SLR digital camera (Nikon, USA) and a 
Twinflash system (Canfield, Fairfield, NJ) with different filters. The camera maybe 
mounted in order to fill the frame when imaging wounds to maximize the registration 
of the images.   
 (1) Visible images were captured without any filters. This technique captures 
images to document overall wound appearance. (2) Parallel polarized images were 
captured by snapping parallel polarizing filters (Canfield, Fairfield, NJ) onto the 
Twinflash system.  The polarizing filter placed in front of the camera lens is in the 
same orientation as filters on the flashes, producing a parallel polarized image. This 
image emphasizes the surface details of the wound. (3) Cross polarized images were 
captured by snapping filters onto the Twinflash system, and placing a linear polarizer 
in front of the lens, oriented at a 90 degree angle relative to the filters on the flash. 
This image enhances the appearance of the subsurface blood vessels of the wound. (4) 
UV fluorescent images were captured by placing UV filters on the flash to produce the 
required illumination. The UV fluorescence of collagen crosslinks is visible by this 
method. (Figure 3) Additional details may be revealed by analyzing the individual 
RGB channels. The designed setup incorporates visible, linear polarized and 
ultraviolet (UV) images which are captured by the same camera and flash system in 
rapid succession to minimize subject movement and maximize registration of the 
images.   
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Figure 3 : Visible image, parallel polarized image, cross polarized image and UV 
fluorescent image of a subject 
 
 
 
4.1.1 Digital photography 
 
 
The handheld imaging system was used to capture wound images. The camera 
was placed at an angle perpendicular to the wound and at a distance of 15 inches. 
Images were taken by the camera and stored in the laptop with the use of custom-
written software (methods and models, J&J, NJ). Cross polarized images and UV 
fluorescence images were obtained from wounds after optical measurements and every 
week thereafter. Visible images are used for simple wound documentation since 
visible images mimic what is captured by the human eye.  Compared to parallel 
polarized images, cross polarized images are able to explore subsurface feature such as 
micro vascularization. (Figure 4 and Figure 5) Therefore, cross polarized images are 
used to accurately measure wound surface areas (WSA). UV fluorescence images are 
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used to evaluate skin collagen cross-link level. (Figure 6) (Data not shown in this 
thesis) A ruler was placed near the wound during image capture so each evaluated 
image had a uniform external standard as a reference for area determination.  
Cross polarized image Parallel polarized image
 
Figure 4 : Cross polarized image and parallel polarized image of the same wound on day 21of the 
surgery 
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Figure 5 : Cross polarized image of a rat wound 
 
Figure 6: UV fluorescence image of the same rat wound as figure 5 
 
4.1.2 Validation study 
 
 
A validation study was performed to test the hypothesis that digital images of 
wounds obtained with the handheld image station are of sufficient quality to make a 
meaningful assessment of wound surface area (WSA). Three circles were marked on a 
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white paper with different diameters (1 inch, 7/8 inch, and ¾ inch). A scissor was used 
to make three holes on the white paper by following the perimeter of three circles. The 
paper was placed on the lower leg of a volunteer. Three visible digital images were 
taken by the hand held image station (Figure 7). The areas of three holes were 
calculated by an image analysis software (Image pro (Media Cybernetics)). Briefly, 
the ruler was used as a standard. A 1-cm distance was measured on the ruler on the 
image field. The circle was traced by using a mouse directed cursor. The image pro 
software was run to calculated the area using the 1-cm standard. For each circle, the 
mean area and standard deviation were calculated. Results showed that reliability for 
each image. The standard deviations among three images of determining the area were 
less than 1%. The difference between the experimental data and theoretical data was 
less than 1%. Therefore, WSA can be measured by the handheld image system quickly 
and reliably.   
 
 
Figure 7 : Validation by model wounds. Three holes were made on a white paper. 
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4.2  Diffuse Reflectance Spectroscopy (DRS) 
4.2.1 DRS instrument  
 
 
 
 
The DRS system used in this thesis includes a Tungsten light source (Ocean 
Optics, Boca Raton, FL), a bifurcated fiber bundle (Multimode Fiber Optics, East 
Hanover, NJ), a spectrophotometer (Ocean Optics, Boca Raton, FL) and an analyzer. 
Light from a tungsten lamp is delivered to the skin and the remitted light is collected 
and analyzed with a spectrometer. An Ocean Optics spectrometer allows the 
acquisition of a reflectance spectrum in the visible region (400-700 nm) with a 
measurement every 10 nm. The total size of the customized probe is about half inch in 
diameter. The active area of the probe is 2 mm in diameter. Randomly mixed  90 
source fibers and 510 detector fibers deliver and collect remitted light from skin. 
Fibers are bended 90 degrees to avoid pressure related capillary constriction and skin 
blanching. The diffuse reflectance of the surface is calculated assuming biological 
tissue to be a homogeneous semi-infinite turbid medium.   
In order to determine the apparent absorbance of tissue, we used a similar 
analysis model as Stamatas et al (Stamatas et al. 2004) to calculate oxy-hemoglobin, 
deoxyhemoglobin and scattering. We compare the intensity of light collected from a 
reference (calibration) sample (Io) to the intensity of light collected from the tissue 
sample (Iρ) by using the following equations  
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A(λ)=log (Io (λ)/ Iρ (λ))                              (11) 
Acorr (λ)=A(λ)- Am(λ)                              (12) 
Am(λ)=slope (630nm-700nm)* λ + intercept (630nm-700nm)                 (13) 
Where A(ג) is the apparent absorbance, and the scattering intensity is represented by 
Am(λ); I0 (ג) is the intensity of diffusely reflected light from the reference, and Iρ (ג) is 
the intensity of diffusely reflected light from the tissue. Acorr (λ) is the corrected 
absorbance by taking into account the scattering at wavelength λ (Stamatas et al. 
2004).  
The intensity of the detected light depends on both the absorbance and 
scattering of the tissue. In the region of wavelengths 630nm to 700nm, scattering is 
about 50 times higher than the absorption (Muller et al. 2003) (Knoefel et al. 1996a). 
Therefore, the collected spectrum during this region is mostly from scattering.  The 
concentration of hemoglobin and deoxyhemoglobin in the tissue can then be 
calculated from the values obtained for absorbance. There is a peak of oxy-
hemoglobin absorption at 560nm. The difference of oxy-hemoglobin and 
deoxyhemoglobin at 576 nm can also be used to extract oxy-hemoglobin and 
deoxyhemoglobin concentration in the skin using the following equations: 
εHb0560 [HbO] + εHb560 [Hb] =Acorr (560)                    (14) 
εHb576 [Hb] + εHb0576 [HbO] =Acorr (576)                    (15) 
oxygen saturation  = [HbO]/ ([Hb] + [HbO])                   (16) 
Where εHb560 ,εHb576 ,εHbO560 , and εHbO576  are the extinction coefficients of 
oxyhemoglobin and deoxyhemoglobin at 560 and 576 nm. [Hb] and [HbO] are the 
concentrations of deoxyhemoglobin and oxyhemoglobin.  
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4.2.2 Collagen Gel Phantom Validation Studies 
4.2.1.1 Collagen Gel Phantoms with Different Collagen Concentration 
 
 
 
Collagen gel phantoms with approximately 1.5 cm thickness and 2.5 cm 
diameter were prepared for validation studies. Collagen gels were prepared from rat 
tail type I high concentration collagen (BD science, CA) in a standard 2-well slide by 
using the manufacturer’s suggested protocol. Briefly, a high concentration of type I 
collagen (8.9mg/ml) was dissolved in water to the desired concentration (3mg/ml, 4 
mg/ml, 5 mg/ml and 6mg/ml). Phosphate buffered saline and 1N NaOH were added to 
provide physiological pH and ionic strength. Collagen was allowed to gel at 37oC for 
about 30 minutes. The DRS probe measured 7 different spots of the surface of the 
collagen gels.   
 It is hard to differentiate collagen gels made from different initial 
concentrations of collagen by visual observation, naked eye or even confocal 
microscopy. (Figure 8) We have compared collagen gel phantoms with different 
collagen concentrations based on the image analysis of confocal microscopy images 
(Luedtke 2007).  No significant difference has been observed. (Data not shown in this 
thesis)  
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Figure 8: Confocol images of collagen gels with different concentrations initial concentrations of 
collagen. From left to right: 3mg/ml, 4mg/ml, 5mg/ml and 6mg/ml 
 
 
 
The DRS instrument is able to differentiate collagen gel concentrations based 
on the optical properties. The scattering function measured by DRS is proportional to 
the collagen gel concentration. The coefficient of determination (r-squared value) of 
0.999  indicated a perfect positive correlation between DRS scattering and collagen 
concentration.  The standard deviation of individual measurement of each phantom is 
less than 15% (Figure 9).  
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Figure 9: Dependence of DRS scattering on collagen concentration. Error bars show 
measurement variation  from the same collagen gel sample. 
 
 
4.2.1.2 Collagen Gels with Different Amounts of Cross Linking Agent 
(Glutaraldehyde)  
 
 
Glutaraldehyde is frequently used in biochemistry applications as a cross-
linker of polymer materials. Collagen gels of the same initial collagen concentration 
were cross linked to different levels (crosslinking densities) using different amounts of 
Glutaraldehyde. Collagen gels with approximately 1.5 cm thickness and 2.5 cm 
diameter were prepared. Collagen gels were prepared from rat tail type I high 
concentration collagen (BD science, CA) in a standard 2-well slide by following the 
manufacturer’s suggested protocol. Briefly, high concentration type I collagen 
(8.9mg/ml) was dissolved in water to the desired 4.5 mg/ml concentration. Phosphate 
buffered saline and 1N NaOH were added to provide physiological pH and ionic 
strength. The collagen was allowed to gel at 37o C for about 30 minutes. 70% 
  
58
Glutaraldehyde solution (Sigma-Aldrich) was diluted in water to several  desired final 
concentrations, namely 24%  46.7%, and 70%. 500μl of the 24% Glutaraldehyde 
solution was added to a 4.5 mg/ml collagen gel to yield Gel A. 500μl of the 46.7% 
Glutaraldehyde solution was added to a 4.5 mg/ml collagen gel to yield Gel B. 500μl 
of 70% Glutaraldehyde solution was added to a 4.5 mg/ml collagen gel to yield gel C., 
and 500μl water were added to a 4.5 mg/ml collagen to yield a control gel D without 
any crosslinking agent.  The final Glutaraldehyde concentration is 0.02544 g/ml in gel 
A, 0.0495 g/ml in gel B, and 0.0742 g/ml in gel C. The collagen gels were crosslinked 
by these different concentrations of Glutaraldehyde for 1 hour. The DRS probe 
measured 7 different spots of the surface of the collagen gel phantoms.   
The DRS results demonstrate that the scattering function measured by DRS is 
proportional to the crosslinking density of the collagen gels.  In our study we did not 
measure directly crosslinking density; we therefore correlated DRS results to 
concentration of gluteraldehyde used to prepare these gels. The coefficient of 
determination (r-squared value) of 0.995 indicated a perfect positive correlation 
between DRS scattering and collagen crosslink level. The error of individual 
measurements is less than 10% (Figure 10).  
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Figure 10 : Dependence of DRS scattering on Glutaraldehyde concentration. Error bars showed 
the measurement variation from the same gel sample. 
 
4.3 Near InfraRed (NIR) Spectroscopy 
4.3.1 Our NIR Instrument Design  
 
 
 
We have employed a frequency domain NIR instrument with one source, four 
detector channels, four wavelength diode lasers (λ  = 685nm, 785nm, 830nm and 
950nm) and a source modulation frequency of 70MHz. A schematic of the device is 
shown in Figure 11. Four laser diodes were controlled by an optical switch. The light 
from the optical switch is shined onto tissues, one wavelength at a time. A schematic 
of the detector box is shown in Figure 12. Each detector block of the instrument is 
housed in a separate Nuclear Instrumentation Box (NIM BINs, Mech-Tronics Nuclear)   
that provides suitable wiring for power supply, mechanical stability and most 
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importantly good shielding against Radio Frequency (RF) electro-magnetic cross talk. 
A photo of the system is showed in Figure 13. 
 
 
 
Schematic Diagram 
G
690
780
830
S
ADC
Source fiber
tissue
Detector 
fibers
Detector boxes
950
 
 
Figure 11 :  Block diagram of the frequency domain NIR instrument. 
G = RF Generator  
690= Diode Laser emit light at 690 nm 
780= Diode Laser emit light at 780 nm 
830= Diode Laser emit light at 830 nm 
950= Diode Laser emit light at 950 nm 
S = Optical switchers 
ADC = Acquisition board 
Dark brown oval represents the target tissue 
 
 
  
61
Detector block diagram
APD A F A
I/Q
I
Q
F
FADC
Reference
 
Figure 12: Block diagram of a detector block 
APD= Avalanche Photo Diode 
A=Amplifier 
F=filter 
I/Q=I/Q demodulator 
ADC = Acquisition board 
Reference represents reference signal  
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Figure 13: Picture of our NIR system 
 
 
   
Our system includes four laser diodes that work at four different wavelengths 
(690, 780, 830nm, and 950nm).  The reference signal generator provides reference 
signal for four I&Q demodulators. The collected signal is sent to an avalanche 
photodiode (APD) by optical fiber and the output of APD is amplified before being 
sent to the I&Q demodulator. For each I&Q demodulator, the two outputs I and Q 
provide amplitude and phase information only for the specific wavelength. Total 8 
outputs are digitized by an analog-to-digital converter (ADC) and digital signals will 
be analyzed by PC.  
The 70 MHz RF signal (Wilmanco Corp.) with stable phase from the generator 
is used to supply the reference signal of IQ demodulator and four modulating emission 
light of the four laser diodes. The 1 * 4 optical switch (Dicon Fiberoptics, Inc.) and its 
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driver are controlled through a Visual Basic code. The light from the optical switch is 
fed to the 62.5 micron source fiber inserted in our probe and illuminates the 
experimental animals, one wavelength at a time. The scattering light is being picked 
up by four detector fibers (Dolan Jeuner Corp) with diameters 0.5mm (1st and 2nd 
fibers) and 1mm (3rd  and 4th) and registered by four fast avalanche photodiodes from 
Hamamatsu (C5331-03), mounted in  four separate NIM boxes depicted as blocks. 
The electrical RF signal is amplified by a first amplifier (ZFL-1000HLN, Mini-
Circuits), filtered by a band filter at 70MHz, further amplified by a second amplifier 
(ZFL-500LN, Mini-Circuits) and fed  to the I/Q demodulator (  MIQY-70D, Mini-
Circuits).  The outputs of the IQ detector are the cosine (I) and sine (Q) low frequency 
components of amplitude and phase shift relative to the reference signal from the RF 
generator. These signals are further digitized by a 16-bit data acquisition board (PCI-
6032E, National Instruments). 
The block diagram of in-phase and quadrature (I&Q) demodulator is shown in 
Figure 14. 
 
Figure 14 :  I&Q demodulator (Yang et al. 1997) 
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 Specifically, I(t)=2Asin(ωt+θ)sin(ωt)+I0=Acosθ - Acos(2ωt+θ) +I0            (17) 
Where I(t) is the output of the in-phase DBM, 2Asin(ωt+θ) is the detected signal, 
sin(ωt) is the reference signal and I0 is the output of a zero input. I0 can be measured as 
offset value. 
Q(t)= 2Asin(ωt+θ)cos(ωt)+ Q0= Asinθ+Asin (2ωt+θ)+Q0        (18) 
Where Q(t) is the output of the quadrature DBM ,2Asin(ωt+θ) is the detected signal, 
cos(ωt) is the phase shifted reference signal and Q0 is the output of a zero input. Q0 
can be measured as offset value. 
A 70 MHz RF signal from the signal generator is spilt into two parts. One is 
sent to the laser diode drivers to modulate the light. The other one is fed to the  I/Q 
demodulator as a reference signal. The I&Q demodulator consists of two double-
balanced mixers (DBMs) and one 0º, one 90º power splitter. The detected signal is 
2Asin(ωt+θ), where A is amplitude and θ is the phase of the detected signal. The 0º 
power splitter splits the detected signal into two parts and sends them to two DBMs. 
Both parts of the detected signal keep the same phase. The reference signal is sinωt.  
The 90º power splitter splits the reference signal into two parts. One part keeps the 
same phase and is sent to the in-phase mixer DBM. The other part is shifted in phase 
by 90º and sent to the quadrature mixer DBM.  DBMs work as multipliers. The in-
phase DBM produces the output I(t).  
The quadrature DBM produce the output Q(t). From the equations (17) and (18), 
Acos(2ωt+θ) and Asin(2ωt+θ) can be blocked by low pass filters, therefore we are 
able to extract amplitude A and phase θ from I and Q.  
A=(I’^2 +Q’^2)^1/2                 (19) 
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θ= tan^-1 (Q’/I’)                (20) 
where I’ and Q’ are filtered output signals (Yang et al. 1997).  
For wound measurements, the probe is placed on the air-tissue interface and 
represents a semi-infinite geometry. Therefore, the Extrapolated Zero Boundary 
Condition for semi-infinite media has been employed.  The solution of the diffusion 
equation (1) can be represented as: 
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Here r1 and rb are functions of effective distance, Reff is the effective reflection 
coefficient of light. In the semi-infinite geometry, when the source-detection 
separation is much greater than the transport mean free path l* (ρ>3 l*) the solution 
equation (2) can be rewritten as a simple linear equation: 
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Ln[ρ2 * A(ρ)] = -kreal*ρ +ln(A0)                 (5a) 
Ө = kimag*ρ +Ө0                                                                (5b) 
Here A  is the attenuation of amplitude between the source signal and the detected 
signal. A0  is the initial amplitude of the instrument.  Ө is the phase delay between the 
source signal and the detected signal. Ө0 is the initial phase of the instrument. The 
logarithm of the amplitude decay and phase shift varies linearly as a function of the 
source-detector separation.  
Based on equation (5), the complex diffuse wave wavenumbers (kreal and kimag) 
are calculated from amplitude decay and phase shift. The absorption coefficient  and 
reduced scattering coefficient are calculated by equations (3) and (4) after the 
wavenumber equations are solved.  
The basis for wound healing diagnosis using the NIR methodology relies 
mainly on the difference of absorption and reduced scattering coefficients of wound tissue 
compared to surrounding normal tissues. The absorption and reduced scattering 
coefficients are calculated at different wavelengths from the phase shift and amplitude 
differences relative to the reference signal at specific wavelengths as a function of the 
source-detector separation ρ (4mm, 8mm, 12mm, and 16mm). (Fishkin and Gratton 
1993) Wound tissue hemoglobin concentration and oxygen saturation can be 
calculated by solving the following equations: 
µa690=εHb690 [Hb] + εHbO690 [HbO] + εH2O690 [H2O]    (6) 
µa780=εHb780 [Hb] + εHbO780 [HbO] + εH2O780 [H2O]     (7) 
µa830=εHb830 [Hb] + εHbO830 [HbO] + εH2O830 [H2O]      (8) 
SO2 = [HbO]/ ([Hb] + [HbO])                                            (9) 
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where Ua690, Ua780 and Ua830 are the experimental absorbances determined by our 
measurement at wavelengths 690nm, 780nm and 830nm.  εHb690 , 
εHb780 ,εHb830 ,εHbO690 ,εHbO780 ,εHbO830, εH2O690, εH2O780 , and εH2O830 are the 
extinction coefficients of deoxyhemoglobin, oxyhemoglobin, and water at 690, 780 
and 830 nm. [Hb], [HbO], and [H2O] are the concentration of deoxyhemoglobin, 
oxyhemoglobin and water. SO2 represents the oxygen saturation. 
 
4.3.2 NIR Instrument Calibration  
 
 
 
The amplitude obtained in each channel depends on the transmission of the 
optical fibers, the sensitivity of the avalanche photodiode, the gain of each detector 
block and the coupling of the fibers. The phase shift may be different in each channel 
because the optical and electrical signal delay depends on fiber length and coupling, 
length of RF coaxial cables, and delays in the detector circuits. Instrument calibrations 
are designed to allow us to separate variability due to the instrument hardware 
components from sample and measurement variability.  
 
4.3.2.1 Equal distance calibration 
 
 
 
In the diffusion approximation, light propagation in tissue can be mimicked by 
the diffusion of ink particles in the intralipid solution. The tissue-like phantom 
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consists of an aqueous solution of Liposyn 20% and black India ink. The medium was 
held in a 2 liter cylindrical container.   
An equidistant probe is constructed to conduct the first instrument calibration 
in the intralipid solution. The four detector fibers are inserted in a Teflon probe with 
the same source-detector separation of 12 mm (Figure 15). 
 
 
 
Equal distance calibration
Source fiber
Four detector fibers
The distance from source fiber to 
four detector fibers are equal. 
 
Figure 15 :  Equal distance probe for the calibration. 
 
 
 
The detector areas are assumed to be so small that the fluence rate does not 
change essentially over the surface of the detector fibers. Ideally, phase shift should be 
identical for all detectors and the amplitudes should remain constant. Figure 16 and 
Figure 17 show the equal distance calibration result.  
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Figure 16 :  Equal distance calibration for amplitude: Blue diamonds represent raw experimental 
data and red squares represent calibrated data 
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Figure 17:  Equal distance calibration for phase: Blue diamonds represent raw experimental data 
and red squares represent calibrated data 
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The difference in measured amplitude Aical and phase Өical  by various detectors 
reflects the different response of each channel at the same fluence of scattered light 
because source – detector separation is the same at 12mm.  Taking the amplitude of 
the first detector as the standard (A1cal), three coefficients are calculated: Ki= A1cal / 
Aical, where i= 2, 3 and 4 and Aical represent the amplitudes of the 2nd, 3rd and 4th 
detector correspondingly. The subscript cal stands for calibration. Using these 
coefficients Ki for calibration, the experimental data are changed to a horizontal line at 
the level of the amplitude of the first detector. This is shown on the graph by the 
square shape points. The calibration coefficient for the 1st detector is Ki = 1, since we 
used the first detector as our reference point. 
For phase correction we used the same procedure and calculated the difference 
Δ = Ө1cal-  Өical of the phase for the 2nd, 3d and 4th detector relative to the 1st detector. 
Using these differences to correct the calibration data, we obtain the same value of 
phase shift Ө for all detectors.  The difference in phase shift for the first detector is Δ 
1=0. All experimental data are always corrected using for amplitude correction the set 
of three coefficients Ki and for phase shift correction the three differences Δi. 
 
4.3.2.2 Linear Range Test 
 
 
 
The second calibration is conducted to define the region of saturation (Figure 
18).  
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Intralipid
solution
Probe
Light source
Power meter
SA
 
Figure 18 :  Linear range calibration   
A represents attenuator and S represents splitter 
 
 
 
Light from the diode laser is passed through the variable fiber attenuator and 
fed to the fiber optical splitter 1 by 2. One output fiber from the splitter is inserted in 
the probe that is placed in the intralipid solution, while the second fiber is connected to 
a power meter. During this calibration we attenuate the power of the incident light by 
changing the transmission of the attenuator. The logarithm of the output amplitude in 
mV is plotted as a function of the logarithm of incident light power in mW for the 
same source – detector separation. Saturation occurs at an output signal of around 
100mV.  Typical magnitudes of the I and Q signals were in the range of 2-70 mV. 
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Offset for our instrument, defined as the signal measured without any light, has not 
exceeded 500μV, with an average value around 250μV.  
The value of the phase shift should not change for measurements where the 
source – detector separation is constant. We plotted the experimental phase as a 
function of the power of output light.  The linearity range for phase was defined as the 
area with deviation from the average value of phase (horizontal line of constant 
magnitude) less than 1 degree. 
 
4.3.2.3 Reliability and Robustness of the Instrument 
 
 
4.3.2.3.1 Intralipid Phantom Test 
 
 
The intralipid solution was used to test the reliability and robustness of our 
instrument. The tissue-like phantom consists of an aqueous solution of 20 Liposyn  
and black India ink. The medium was held in a 2 liter cylindrical container.  We added 
different portions of 20% Liposyn solution to change the Liposyn concentration in the 
solution in order to vary reduced scattering coefficient μs’. The amount of ink kept the 
same to have a constant μa. The probe is placed inside the intralipid solution (infinite 
geometry) or on the liquid surface (semi-infinite geometry). We tested μa and μs’ 
variations in both infinite geometry and semi-infinite geometry. Results showed that 
there is no significant difference in calibration measurements in infinite geometry and 
semi-infinite geometry which is agreed with the study of Fantini et al (Fantini and 
Conte 1995). 
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The reliability and robustness of our instrument was obtained from 
experiments where the concentration of intralipid in a solution of water increased five 
fold by introducing portions of 20% 21ml/liter intralipid. Figure 19 and Figure 20 
illustrates the obtained results. The scattering coefficient μs’ of these solutions showed 
a linear dependence on concentration of intralipid. The R square value is 0.99. The 
coefficient of absorption μa of all five solutions is constant since the amount of ink 
didn’t change.  
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Figure 19 : Absorption coefficient keeps consistent while the amount of intralipid changes 
at830nm. 
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Figure 20 : The linear dependence of reduced scattering coefficient on  the amount of intralipid 
changes at 830 nm. 
 
 
 
 
4.3.2.3.2 Silicon Phantom test 
 
 
The stability and accuracy of our frequency domain NIR instrument were also 
measured by a silicone phantom (Basu 2007) (Figure 21 and Figure 22). The 
absorption and reduced scattering coefficients of a silicone phantom over the course of 
72 days were tracked. The absorption coefficient and reduced scattering coefficient 
kept consistent of the same silicon phantom during the period of the study. Standard 
error remained at less than 4% throughout the period of the study.  
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Figure 21 : Daily average values of µa at 685 nm in a silicone optical phantom over a 72-day 
period.  Each point represents the average of measurements taken on that day. 
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Figure 22 : Daily average values of µs’ at 685 nm in a silicone optical phantom over a 72-day 
period.  Each point represents the average of measurements taken on that day. 
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4.4 Animal model  
 
 
 
We have used the streptozotocin induced diabetic rat animal model due to its 
simplicity and widespread use in wound healing studies (Mikler et al. 2004; Nayak et al. 2007; 
Morikawa et al. 2007). Animal procedures were conducted in accordance with the Guide for 
the Humane Care and Use of Laboratory Animals. The experimental protocol was approved 
by Drexel University’s Institutional Animal Care and Use Committee (IACUC). During the 
course of the study, all animals were supplied with food and water ad libitum and were 
housed in individual cages. Thirty female hairless Sprague Dawley rats, 5-6 weeks old and 
approximately 200g each, were purchased from Charles River Laboratory (Wilmington, MA). 
Twenty rats were randomly assigned to diabetic group and ten rats were assigned to control 
group. Rats in diabetic group were rendered diabetic via streptozotocin (STZ) injection in a 
dose of 75mg/Kg body weight.  Blood was sampled from the tail vein and blood glucose level 
(BGL) was determined by ACCU-CHEK Active Diabetes Monitoring Kit (CVS pharmacy, 
Philadelphia). After 14 days, twenty rats were confirmed diabetic as their average glucose 
levels were higher than 250 mg/dL. Two rats died during that period. Ten rats were 
maintained as the control group. One quarter-sized (~ 4.6cm2) full thickness wound was 
inflicted on the left dorsal area of each animal to allow a symmetrical unwounded position on 
the right dorsal site to be used as their own control site. Blood sugar and weight were 
monitored weekly in the diabetic and the control group. Optical measurements were 
performed during the period of healing, approximately twice per week. The animals were 
anesthetized with Isoflurane™ and oxygen during all measurements to limit artifacts from 
random and unexpected animal movements.  Optical measurements were performed on the 
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wound and symmetrical control side.  Day 5 and Day 10 after surgery have been chosen to be 
important time points for histopathology (Wetzler et al. 2000; Loots et al. 1998b). Six diabetic 
rats and three control rats were sacrificed on day 5 and whole wounds were excised for 
histopathology analysis. Another six diabetic rats and three control rats were sacrificed on day 
10 and tissues collected for histopathology analysis. The rest of the animals were sacrificed at 
the end of the study (day 21). Skin biopsies of complete wound tissue were obtained from all 
twenty eight rats.  
 
4.5 Histology 
 
 
 
 
To study wound tissue changes at the microscopic level, various histological 
methods have been applied. Histology staining contains the following steps: 1) tissue 
fixation; 2) tissue sectioning; 3) whole mount preparation; 4) staining; 5) detection. 
Tissue fixation is essential to maintain the tissue structure and cell morphology. The 
purpose of fixation is to preserve tissues permanently in as life-like a state as possible. 
The most common fixative solution is 10% neutral buffered Formalin (Formaldehyde 
(37-40%) 100 ml, distilled water 900 ml, NaH2PO4 4.0 g, anhydrous Na2HPO4 (6.5 g) 
and 4% Paraformaldehyde in a 0.1M phosphate buffer (40 g paraformaldhyde in 0.1 M 
phosphate buffer). We used specimens fixed in 10% neutral formalin solution. Fixed 
tissue samples are embedded in a paraffin wax that allows the tissues to be cut easily 
after dehydration. Dehydration is performed by a series of alcohol rinses: 80% ethanol 
for 40 minutes, 90% ethanol for 40 minutes, 100% ethanol for changes and 40 minutes 
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per change, 50% ethanol/50% xylene for 30 minutes. Xylene is used to clean the 
dehydrant for two changes and 20 minutes per change. Paraffin wax has been widely 
used as an embedding medium to demonstrate antigens in the tissue. The embedded 
tissue specimens were sectioned at a thickness of 5 µm which is accomplished with a 
Microtome. After sectioning, the small blocks of tissue will be processed as whole 
mounts.  
Before staining, the embedding process must be reversed to remove the 
paraffin from the tissue. The slides were deparaffinized in Xylene for 4 changes and 3 
minutes per change. The slides were rehydrated in a series of ethanol as following: 
100% ethanol for 2 changes and 1 minute each, 95% ethanol for 2 changes and 1 
minute each, 80% ethanol for 1 minute, and distilled water for 3 minutes.   
Hematoxylin & Eosin (H&E) staining were performed to study tissue structure 
and cell morphology.  Hematoxylin is the oxidized product of the hematein. 
Hematoxylin has an affinity for the nucleic acids of the cell nucleus. It has a blue to 
purple color. Eosin is an acidic dye with an affinity for cytoplasmic components of the 
cell. It has a pink to red color. Briefly, after rehydration with a series of alcohol, slides 
are washed with distilled water. Sections are immersed in 1:2 Harris Hematoxylin 
solution (Sigma HHS16) for 3 minutes, and then washed with tap water for 3 changes 
until the water is clear. Sections are immersed in Eosin solution for 2 minutes. 
Sections are rinsed with 70% alcohol for 2 changes and 1 minute per change. Sections 
are rinsed in 95 % alcohol for 3 minutes and 100% alcohol for 3 minutes. Final 
cleaning is performed with xylene. The nucleui are stained red-purple and the 
  
79
cytoplasmic components such as collagen fibrils are stained pink. Inflammation cells 
are also determined on H&E slides at high power. 
Microvessel density is an indication of angiogenesis, and increased absorption 
by NIR. We expect that the absorption coefficient should be higher when new vessels 
are coming into the wound site. Lectin staining is a method to stain vessels. Lectin is a 
sugar binding protein of non-immune origin that agglutinates cells or precipitates 
glycoconjugates. Lectin can be used as a marker of angiogenesis because it binds to 
endothelial cells. Lectin binding reveals the overall vascular architecture (Thurston et 
al. 1998) (Kertesz et al. 2004). Formalin fixed paraffin-embedded tissue sections were 
used to perform the Lectin staining. Briefly, sections were washed by 1X PBS for 10 
minutes after rehydration. Sections were stained with Alexa Fluor 488 conjugated 
lectin (Invitrogen L2-1415) for 30 minutes in dark room with a concentration at 1:250. 
Sections were washed with 1XPBS for 3 changes and 5 minutes for each change. 
Sections were mounted with VECTASHIELD® with DAPI Mounting Medium (Vector 
Laboratory, CA). Vessels were stained as fluorescent green and cell nuclei were 
stained as fluorescent blue.  
DAPI (4',6-diamidino-2-phenylindole) is a nuclear fluorescent stain. It has 
been used to visualize nuclear DNA. DAPI staining is used to determine the number of 
nuclei and to assess gross cell morphology.  
Determination of microvessel density were performed as described by Weidner 
et al (Weidner et al. 1991). Vessel count were assessed by light microscopy in areas of 
the wound tissue containing the highest number of positive lectin staining. The highly 
vascular areas were identified by scanning tissue sections at low power. After six areas 
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with the highest vacuolization have been identified, a vessel count was performed. The 
average counts of the six areas were calculated. 
Collagen organization plays key role during with wound healing. With the 
whole thickness of skin taken, we expected to see low scattering after wound is made. 
During proliferation phase, we expected that the scattering coefficient would increase 
due to strongly scattered new synthesized collagen.   
Collagen fibers were measured by Gomori Trichrome staining method.  
Briefly, after rehydration with a series of alcohol, slides are washed with distilled 
water. Sections are immersed in Harris Hematoxylin solution (Sigma HHS16) for 5 
minutes, and then washed with tap water until the water is clear. Sections are 
immersed in Gomori trichrome stain (distilled water 200.0 ml, chromotrope 2R 1.2 g, 
light green SF 0.6 g, dodecatungstophosphoric acid 1.6 g and  glacial acetic acid 2.0 ml) 
for 10 minutes. Sections are differentiated in 0.2% acetic acid for 2 minutes, rinsed 
with distilled water, and immersed directly into 95 % alcohol. Dehydration is 
continued in ascending alcohol solutions. Final cleaning is performed with xylene. The 
nucleui are stained red-purple and the collagen fibrils are stained blue-green. 
Determination of collagen fiber density is performed by image analysis.    
Sections were studied by light microscopy. Color photomicrographs were 
taken at X200 magnification. Determination of collagen fiber concentration was 
performed by custom-written software (graciously provided by Dr. Payonk, Skin 
Research Center, J&J).  Briefly, images are transferred from camera to computer for 
quantitative evaluation. Mathematic algorithms embedded in the analytical software 
permit the number of blue pixels in the b * channel of the L*a*b* system to be 
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calculated from the color image. The number of blue pixels in the image represents 
collagen concentration. The L*a*b* colorimetric system has been developed to 
correlate with response from the human eye. L stands for luminance; the a* channel 
ranges from green to red and the b* channel ranges from blue to yellow. Six to ten 
images were randomly taken from the same specimen. Average concentration of 
collagen was obtained from 4-6 different specimens from the same tissue.  
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Chapter 5: Results from the Animal Study 
 
5.1 Results from handheld imaging station 
 
 
 
Digital images were taken twice a week to record the change of wound surface 
area. The boundary of the wound was defined in cross polarized image since cross 
polarized images provide information not only on visually assessable information but 
also enhanced subsurface detail. The definition of a wound’s boundary depends on an 
observer’s judgment. It is easier for an observer to define the wound in a cross 
polarized image because of the enhanced color of the wound. The color variance 
maximally discriminates between wound tissues and non-wound tissue. The wound 
perimeter was traced by a mouse cursor. The digital image from rat wound was taken 
in a few seconds. Images showed that the control rats heal faster than the diabetic rats 
(Figure 23). 
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Figure 23 : Cross polarized image of a typical control rat wound and a typical diabetic rat wound 
on day 3, 10, and 21 after wound surgery 
 
 
 
The wound size was assessed by characterizing the surface area without 
touching the wound. Image analysis was performed using Image Pro (Media 
Cybernetics) as described in the validation study. Briefly, the ruler was used as a 
standard. A 1-cm distance was measured on the ruler on the image field. The wound 
border was traced by using a mouse directed cursor. The image pro software was run 
to calculated the area using the 1-cm standard. The normalized wound area percent 
was calculated by the following formula: 
Normalized wound area percent = (Wound Area on day x/Wound Area on day 
0)  
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where Wound area on day 0 is the wound area in cm2 on the day of wound infliction 
and Wound Area on day x was the wound area on day x of wound healing.  
Statistical analysis was performed using student t test to compare normalized 
wound areas between control rats and diabetic rats.  The difference was considered 
statistically significant if P <0.05. 
During the wound healing study, diabetic wounds showed a delayed healing 
since day 3 (Figure 24). The control rats have a significantly higher healing rate 
compared to the diabetic rats during the first ten days.  
 
 
 
Figure 24 : Average normalized wound area of control rats and diabetic rats during wound 
healing. Day 0 represent the day of wound surgery. Red square represents average normalized 
wound area percent of diabetic rats. Blue square represents average normalized wound area 
percent of diabetic rats. Standard deviation represents wound variation among group. * 
represents the statistical difference between control group and diabetic group.  
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Wound images were evaluated to differentiate control group and diabetic 
group. Normal wound healing and impaired wound healing have different healing 
rates.  In control wounds on day 3, mean WSA decreased more than 25%. In diabetic 
wounds on day 3, mean WSA decreased by only 18%.  The greatest difference was 
observed on day 10.  Mean control wounds’ WSA decreased at least 80% on day 10, 
whereas mean diabetic wounds’ WSA decreased 68%.  Percent of healing and 
normalized wound area on day 10 could become good indicators to classify a rat into a 
control group or a diabetic group. Diabetic wounds have more inflammatory cells 
compared to control wounds and the most difference was observed on day 10 (Wetzler 
et al. 2000). This may also explain why diabetic rats didn’t heal as fast as control rats.  
This is an acute wound healing model. The full thickness wound was healed 
most by wound contraction. Though diabetic rats showed a delayed wound healing, 
they still healed in about three weeks. 
Wound color in different channels was analyzed from images by the image pro 
software. Average intensities in red, green, and blue channels were calculated from 
wound images. (Figure 25, 26, and 27) We observed that the intensity of wound in red 
channel was constant during wound healing. Both blue and green channels intensities 
increase during wound healing which indicates more reflection of  blue and green light. 
During the remodeling phase, the number of proliferated microvessels decreases due 
to degeneration. Less blood is observed from the surface which could be correlated to 
the increase of blue and green intensities.    
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Figure 25: Change of wound intensity in red channel during wound healing from all rats. Each 
data point represents average value of all rats. Error bars represent variance among the rats. 
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Figure 26: Change of wound intensity in green channel during wound healing from all rats. Each 
data point represents average value of all rats. Error bars represent variance among the rats. 
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Figure 27: Change of wound intensity in blue channel during wound healing from all rats. Each 
data point represents average value of all rats. Error bars represent variance among the rats. 
 
 
5.2 Results from Diffuse Reflectance Spectroscopy (DRS) 
 
 
 
DRS was used to monitor Oxyhemoglobin (HbO), Deoxyhemoglobin (Hb), 
and scattering changes during wound healing. DRS is also able to measure melanin 
absorption. This particular animal model is a hairless pink rat model; therefore 
melanin absorption didn’t affect our results. Baseline data were measured before 
wound surgery. Wound surgery was performed on day 0. DRS measures at  a 
maximum penetration depth of 300 microns of tissue. 
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5.2.1 Hemoglobin 
 
 
Typical changes of oxyhemoglobin concentration as measured by DRS during 
wound healing in one control rat are shown in Figure 28. Before wound surgery, the 
Oxyhemoglobin concentration was constant. The oxyhemoglobin concentration 
increased in the wound area until day 5 a trend that can be correlated to the newly 
forming vessels depositing in the wound during the proliferation phase. After Day 5, 
oxyhemoglobin concentration decreased and this can be correlated to the wound 
healing and new small vascular loops aligning perpendicularly to the surface while the 
wound environment is disrupted by small vessel vasodilation.   
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Figure 28 :  DRS oxyhemoglobin concentration changes during wound healing from one control 
rat (C7). Wound surgery was performed on day 0.  Red squares represent measurements taken 
from the center of the wounds and green squares represent measurements taken on the 
unwounded (control) site (right dorsal side). 
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Changes of Oxyhemoglobin concentration in the control group are shown in 
Figure 29.  Before wound surgery, the Oxyhemoglobin concentration was constant. 
The Oxyhemoglobin concentration increased in the wound area until day 5 as the 
newly forming capillaries spout. It decreased as the wound healed as this new 
capillaries originated in the deep dermis and completed in the upper dermis, and most 
of the blood vessels degenerated via apoptosis. We also compared Oxyhemoglobin 
concentration at different days in control rats. We found that there were statistically 
significant differences between day 8 and day 3. This significant difference is also 
observed on day 10 compared with day 3, on day 18 compared with day 3, and day 21 
compared with day 3. The significant change of Oxyhemoglobin concentration 
measured by DRS relates to the change of microvessel density. 
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Figure 29 : Changes in DRS oxyhemoglobin concentration during wound healing of normal / 
control rats. Wound surgery was performed on day 0.  Red squares represent measurements 
from the center of the wounds and green squares represent measurements from the non-wound 
site (right dorsal site) Error bars represent the variation among 10 control rats. 
 
 
 
Changes of Deoxyhemoglobin concentration in one control rat are shown in 
Figure 30 and changes of Deoxyhemoglobin concentration of the control group are 
shown in Figure 31.  Before wound surgery, the Deoxyhemoglobin concentration was 
constant. Similar to oxyhemoglobin changes, the Deoxyhemoglobin concentration 
increased in the wound area until day 5 as the new capillaries formed. It decreased as 
wound heals while most of the blood vessels degenerate via apoptosis.  We found that 
there were statistically significant difference between day 8 and day 3. This significant 
difference is also observed on day 10 compared with day 3, on day 18 compared with 
day 3, and day 21 compared with day 3. The significant change of deoxyhemoglobin 
concentration measured by DRS also relates to the change of microvessel density. The 
changes of deoxyhemoglobin mirror exactly the changes of oxyhemoglobin.  
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Figure 30 : Changes in DRS Deoxyhemoglobin concentration during wound healing from one 
control rat. Wound surgery was performed on day 0.  Red squares represent measurements taken 
from the center of the wounds and green squares represent measurements from the unwounded 
(control) site (right dorsal site) 
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Figure 31 : Changes in DRS Deoxyhemoglobin concentration during wound healing in control 
rats. Wound surgery was performed on day 0.  Red squares represent measurements taken from  
the center of the wounds and green squares represent measurements taken on the non-wound 
(control) site. Error bars represent the variation among 10 control rats. 
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DRS is able to measure only the superficial layers of the wound up to 300 
microns. Data indicated that new small vascular loops in the surface formed in a 
similar fashion to create new capillary networks in both the control rats and the 
diabetic rats. The changes of Oxyhemoglobin and Deoxyhemoglobin in diabetic group 
during wound healing were shown in Figure 32 and Figure 33.  
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Figure 32 : Changes in DRS oxyhemoglobin concentration during wound healing (diabetic rats). 
Wound surgery was performed on day 0.  Red squares represent measurements taken on the 
center of the wounds and green squares represent measurements on non-wound site (control) 
(right dorsal site) Error bars represent the variation among 18 diabetic rats. 
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Figure 33 :  Changes in DRS deoxyhemoglobin concentration during wound healing (Diabetic 
group). Wound surgery was performed on day 0.  Red squares represent measurements taken on 
the center of the wounds and green squares represent measurements on non-wound site (control 
site) (right dorsal site) Error bars represent the variation among diabetic rats 
 
 
 
DRS data showed that diabetic rats exhibited a similar healing process to the 
control rats. (Figure 34 and Figure 35) However, a more detailed analysis of the data 
suggests that there is a greater variation among diabetic rats compared to the control 
rats. During the first couple of days of wound healing, we observed that the diabetic 
rats showed a higher Oxyhemoglobin and Deoxyhemoglobin concentration compared 
to the control rats although the difference is not statistically significant. This may be 
representative of abnormalities in blood vessel formation and function. The capillaries 
are dilated and elongated by a specific microcapillary pathophysiology (Kampfer et al. 
2001). 
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Figure 34 : Comparison of  DRS oxyhemoglobin concentration changes during wound healing 
between control and diabetic group. Wound surgery was performed on day 0.  Red squares 
represent oxyhemoglobin of diabetic wound, green squares represent oxyhemoglobin of control 
wound, and purple squares represent control data (average of non wound site of control group 
and non wound site of diabetic group) Error bars represent standard deviation among diabetic 
rats and control rats. 
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Figure 35 : Comparison of DRS deoxyhemoglobin concentration changes during wound healing 
between control and diabetic group. Wound surgery was performed on day 0.  Red squares 
represent deoxyhemoglobin of diabetic wound, green squares represent deoxyhemoglobin of 
control wound, and purple squares represent control data (average of un-wounded site of control 
group and un-wounded site of diabetic group) Error bars represent standard deviation among 
diabetic rats and control rats. 
  
95
 
 
 
We analyzed the image data and tried to correlate the wound intensities in 
different channels with the change of oxyhemoglobin and deoxyhemoglobin. The 
intensity in red channel was constant during wound healing while the intensity in blue 
and green channels increased. We could not find a correlation between intensity and 
oxyhemoglobin/deoxyhemoglobin changes measured by DRS. The camera captures 
the surface information while DRS measures the tissue up to 300 microns. The 
different penetration depths of the optical methods explain the absence of correlation 
between two set of data.   
  
5.2.2 Scattering  
 
 
Collagen fiber is the prominent component of the ECM. With the whole 
thickness of skin taken, we expected to see low scattering after wound is made. During 
the proliferation phase, we expected that the scattering coefficient would increase due 
to strongly scattered new synthesized collagen.  We also expected that the scattering 
will reach normal levels during the phase of collagen reorganization. 
 Typical changes of DRS measured scattering function in control rat during 
wound healing shown in Figure 36 and Figure 37.  Collagen fibers are a prominent 
component of the extracellular matrix and play a key role in wound healing.  Collagen 
deposition, organization, and orientation may be correlated to scattering changes 
during wound healing. Scattering decreased compared to un-wounded skin when the 
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full thickness skin was removed by the surgery. During the proliferation phase, when 
myofibroblasts form cell-to-cell contractions in a multi-cellular unit and the encircling 
connective tissue is rearranged, scattering measured by DRS increased possibly due to 
strongly scattering newly synthesized collagen and newly formed vessels.  The 
scattering almost reached the normal level (in unwounded tissue) after collagen 
reorganization in the remodeling phase on day 21. We observed that there was a 
significant difference in day 10 compared to day 3, day 15 compared with day 3, day 
18 compared with day 3, and day 21 compared with day 3.  
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Figure 36 : Changes in DRS scattering during wound healing from one control rat. Wound 
surgery was performed on day 0.  Red squares represent measurements taken on the center of the 
wounds and green squares represent measurements on the unwounded (control) site (right dorsal 
site) 
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Figure 37: Changes in DRS scattering during wound healing (control group). Wound surgery was 
performed on day 0.  Red squares represent measurements taken on the center of the wounds and 
green squares represent on the unwounded (control) site (right dorsal site). Error bars represent 
standard deviation among 10 control rats. 
 
 
 
Scattering changes in the diabetic group during wound healing are shown in 
Figure 38 and Figure 39. Similar to the control group, diabetic wounds had lower 
scattering compared to unwounded tissue during the first specific days after surgery 
probably due to connective tissue deficiency. DRS scattering increased from day 5 
corresponding to collagen synthesis and extra-cellular matrix rebuilding, There is a 
significant difference between the control wound and diabetic wound on DRS 
scattering on day 21(p value is smaller than 0.05). Control rats are expected to have a 
more organized collagen deposition in the healed wound, which would result in higher 
scattering compared to diabetic rats.  
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Figure 38 : Changes of DRS scattering during wound healing (Diabetic Group).. Wound surgery 
was performed on day 0.  Red triangles represent measurements taken on the center of the 
wounds and green squares represent measurements on non-wound site (right dorsal site) of 
diabetic group. Error bars represent the variation among diabetic rats 
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Figure 39:  Comparison of DRS scattering changes during wound healing between control group 
and diabetic group. Wound surgery was performed on day 0.  Red squares represent scattering of 
control (non-diabetic) wound, green triangles represent scattering of diabetic wound, and purple 
represent unwounded  (right dorsal site) tissue  data .Error bars represent standard deviations 
among diabetic rats and control rats 
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5.2.3 Correlation with Results from Histopathology  
 
 
 
Biopsies were obtained from each rat on days 5, 10 and 21 after 
wound surgery. In healing wounds, biopsies were taken from regenerated 
epidermis. In non-healing wound, biopsies were taken from the edge of the 
wound bed. Routine Haematoxylin & Eosin (HE) staining was performed on 
each biopsy to evaluate rat wound tissue (Figure 40). Cells are stained by red eosin, 
the nuclei are stained a deep blue-black, and collagen is stained pink.   
 
 
 
 
Figure 40 :  H&E staining of a control rat wound tissue (C8) (200X) 
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 Gomori Trichrome staining was performed on each biopsy to evaluate collagen 
fiber content and size in wound tissue (Figure 41). The collagen fibers are stained 
blue-green and the nuclei are stained black. 
 
 
 
 
 
Figure 41 : Trichrome staining of a control rat wound tissue (C8) (200X) 
 
 
 
During wound healing, new collagen fibers were synthesized and deposited to 
the wound bed. In diabetic wound, fibroblasts are sparse and inactive, which may 
prevent the progression of collagen synthesis (Nagato et al. 2006). An increase in 
collagen content was detected in both control wound and diabetic wound. (Figure 42 
and Figure 433)   Healing control wounds showed mature collagen bundles whereas 
diabetic wound showed only small, relatively unorganized collagen fibers. Control 
wounds have more collagen compared to diabetic wounds during wound healing. The 
increase was statistically significant on day 5, 10 and day 21 in both control wound 
and diabetic wound.  
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Figure 42 : Trichrome staining of control rats on days 5, 10 and 21 (100X). Collagen 
reorganization during wound healing in control rats 
 
 
 
 
Figure 43: Trichrome staining of diabetic rats on day 5, 10 and 21 (100X).  Collagen 
reorganization during wound healing in diabetic rats 
 
 
 
Photographs were taken of all biopsies at a low magnification(100X). The 
concentration of collagen was calculated by Image pro software as the number of blue 
pixels in the b* channel of the L*a*b colorimetric system.  The L*a*b* system has 
been used to correlate with the response of the human eye.  L stands for luminance;. 
a* ranges from green to red and b* ranges from blue to yellow. Six images were 
randomly taken from the same specimen. Average concentration of collagen was 
obtained from 4-6 different specimens from the same tissue.  Compared to a diabetic 
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wound, the control wound has significantly higher collagen content on day 21. (Figure 
44 and Figure 45) This significant change is in agreement with the DRS scattering 
data. We observed differences in the progression of DRS scattering as the wound heals 
between the control group and diabetic group. On day 21, the difference between 
control group and diabetic group is significant from results of both DRS scattering and 
collagen concentration. There is more collagen deposition in the control wound 
compared to the diabetic wound, although no significant difference is observed on day 
5 and day 10 possibly due to  wound variability. There is no significant change in 
collagen deposited on the unwounded site of the control group and the small increase 
is not statistically significant. It may be simple variability or corresponding to the 
growing of the rats.  Rats gain more collagen while they grow up and this may explain 
the slight increase of collagen of the control site. We also observed that diabetic group 
control site has a similar change and this change is not significant either.  
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Figure 44 : Change in collagen content during wound healing (Image analysis of Trichrome 
stained images). Collagen content is represented  by pixel/100000.  Blue bars represent average 
collaen content of all specimens on day 5, red bars represent average collagen content of all 
specimens on day 10, and green bars represents average collagen content of all speicmens on day 
21.The star symbol, *, represents statistically significant difference among different time poinst in 
the  control and diabetic wounds (p<0.05) The symbol, . # , representsstatistically  significant 
difference between control and diabetic wounds on day21(p<0.05). 
 
 
 
 
Figure 45: Ratio of collagen content of control wound to diabetic wound. An increase is in 
collagen content is oberserved between the control and diabetic wounds, whereas similar collagen 
content is observed between the unwounded site of the control and diabetic animals. 
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The scattering properties of the wound at superficial levels are mainly affected 
by the collagen fibers, and are related to the size and distribution of cells, organelles, 
and heterogenous tissue structure. There have been several hypotheses of what 
determines scattering in tissues. To our knowledge, there has not been a method to 
show that collagen content is directly correlated with scattering.  We found that 
scattering measured by DRS provides a reasonable trend / correlation with collagen 
content of the wound. (Figure 46 and Figure 47). R square value is 0.743 in control 
rats and 0.684 in diabetic rats. 
 
 
 
 
Figure 46 : Correlation of scattering and collagen content in control rats. Each data point 
presents average value of one specimen in control rats. 
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Figure 47 : Correlation of scattering and collagen content in diabetic rats. Each data point 
presents average value of one specimen in diabetic rats. 
 
 
Dapi staining was performed to each biopsy to evaluate the number of cells 
present in the wound tissue. (Figure 48 and Figure 49) Nuclei were stained fluorescent 
blue. On day 5, most diabetic wounds contained inflammation cells within a fibrin 
matrix. Neutrophils were localized in the vessel walls and near the wound surface. 
Monocytes and macrophages were scattered throughout the wound area. Lymphocytes 
were present in few wounds to respond to foreign material or wound debris. Compared 
to diabetic wounds, control wounds have less inflammatory cells. In normal wound 
healing, neutrophils are the predominant inflammatory cells in 48 hours. The number 
of neutrophils decreases in 2 to 3 days. Diabetic wounds may still have neutrophils 
infiltrate even on day 13. Prolonged expression of macrophages may also contribute to 
the high cell number in diabetic wound (Wetzler et al. 2000) (Loots et al. 1998b). We 
also observed the same increase of inflammatory cells in HE staining slides.  
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Figure 48 : Dapi staining of control rat wound tissue on day 5, 10 and 21(100X). 
 
 
 
 
Figure 49 : Dapi staining of diabetic rat wound tissue on day 5, 10 and 21 (100X) 
 
 
 
No correlation was found between scattering and number of cells in the 
biopsied wound tissue (Figure 50). Collagen orientation could not be correlated to 
scattering either. Therefore, during wound healing, DRS scattering which measures 
intensity of scattering light from the superficial layers seems to be mainly affected by 
collagen content. Collagen synthesis and deposition changed tissue optical properties. 
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Figure 50 : Scattering and cell density. Each point represents data from one specimen 
 
 
5.3 Results from Near InfraRed (NIR) 
 
 
 
Tissue optical properties including absorption and reduced scattering 
coefficients were measured by our NIR system. Optical measurements were performed 
on the wound side and on the non-wound control (right) side. Before measuring, any 
blood or fluid in the wound was removed with gauze. Each position was measured 
three times to ensure reproducibility. The data reported reflect the average of these 
three measurements and standard error was less than 2%.  Measurement of the wounds 
using the near infrared instrument was performed twice weekly.   
 The optical device was calibrated with a silicone phantom before each 
experiment. Standard error of measurements of silicone phantom was remained at less 
than 4% throughout the period of study.  Optical properties were measured at 685nm, 
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780 nm and 830 nm, which allowed assessment of the predominant chromophores in 
the wound oxy and deoxyhemoglobin.  The addition of the 950 nm wavelength 
allowed us to determine water concentration in the wound and therefore the state of 
dehydration of the tissues.  
 
5.3.1 Absorption Coefficient  
 
 
 
Baseline data was measured before wound surgery. Wound surgery was 
performed on day 0. Typical changes of absorption coefficient at 685 nm as a result of 
our experiments in one control rat are shown in Figure 51. Before wound surgery, the 
absorption was constant. Absorption coefficients increased within days of wounding. 
Changes of absorption at 780nm and 830nm were similar to 685nm (Figure 52). The 
increased absorption reflected increased of blood volume as the newly forming vessels 
deposit in the wound. Changes of absorption at 950 nm from the control rat C10 was 
shown in Figure 53. Absorption at 950 nm reflects change of water content during 
wound healing. Results showed that water didn’t change dramatically at the wound 
site. 
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Figure 51 :  NIR absorption coefficient changes at 685 nm during wound healing from one control 
rat (C10). Wound surgery was performed on day 0.  Red squares represent measurements taken 
on the center of the wounds and blue diamonds represent measurements taken on its own control 
site (right dorsal unwound side). 
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Figure 52 : NIR absorption coefficient changes at 780 nm (top) and 830 nm (bottom) during 
wound healing from one control rat (C10). Wound surgery was performed on day 0.  Red squares 
represent measurements taken on the center of the wounds and blue diamonds represent 
measurements taken on its own control site (right dorsal unwound side). 
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Figure 53 :  NIR absorption coefficient changes at 950 nm during wound healing from one control 
rat (C10). Wound surgery was performed on day 0.  Red squares represent measurements taken 
on the center of the wounds and blue diamonds represent measurements taken on its own control 
site (right dorsal unwound side). 
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Changes of absorption coefficient at 685 nm in the control group are shown in 
Figure 54.  Before wound surgery, the absorption coefficient was constant. Absorption 
coefficients increased within days of wounding as the newly forming capillaries spout. 
It reached saturation at the end of experiment while new vessel deposition and blood 
vessel degenerate reached a balance.  Changes of absorption coefficient at 780 nm and 
830 nm are similar to 685 nm. (Figure 55) We found that there were statistically 
significant difference between day 5 and day 3. This significant difference is also 
observed on day 8 compared with day 3, day 10 compared with day 3, on day 18 
compared with day 3, and day 21 compared with day 3. The significant change of 
absorption measured by NIR relates to increase of microvessels in the dermis. 
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Figure 54 : NIR absorption coefficient changes at 685 nm during wound healing of control group. 
Wound surgery was performed on day 0.  Red squares represent the average of measurements 
taken on the center of the wounds and blue diamonds represent measurements taken on non-
wound site (right dorsal site). Error bars represent the variation among control rats. 
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Figure 55 : NIR absorption coefficient changes at 780 nm (top) and 830 nm (bottom) of control 
group during wound healing. Wound surgery was performed on day 0.  Red squares represent 
the average of measurements taken on the center of the wounds and blue diamonds represent 
measurements taken on non-wound  (right dorsal site) site. Error bars represent the variation 
among control rats. 
 
 
 
Our work demonstrates that near infrared spectroscopy is able to follow the 
healing rate of a normal or impaired wound in animal model. (Figure 56) Diabetic rats 
showed a higher absorption even in control site. The mechanism of increased 
absorption is not completely studied. This may be related to the system reaction to 
STZ toxicity. A continued study showed that genetic diabetic rats don’t have a higher 
absorption compared to same species control rats. (Data is not shown here) 
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Figure 56 : NIR absorption coefficient changes at 685 nm during wound healing in diabetic group. 
Wound surgery was performed on day 0.  Red squares represent the average of measurements 
taken on the center of the wounds and blue diamonds represent measurements taken on non-
wound site (right dorsal site). Error bars represent the variation among diabetic rats. 
 
 
 
In order to compare the impaired wound healing with normal wound healing, 
we adjusted absorption coefficient level in the diabetic rats based on the difference 
between diabetic non-wound site and control non-wound site.   
 Compared with the control rats, absorption data in diabetic rats are more 
scattered. The higher coefficients of absorption in the diabetic wound compared to 
controls at 685 nm suggested higher levels of deoxygenated hemoglobin in the 
diabetic wound (Figure 57).  This can be explained while blood vessel ingrowth was 
retarded in the diabetic compared to the control wound, which correlated with 
histology findings. We observed similar changes of absorption at both 780 nm and 830 
nm (Figure 58). 
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Figure 57 :  NIR absorption coefficient changes at 685 nm during wound healing. Wound surgery 
was performed on day 0.  Red squares represent the average of measurements taken on the 
control wounds, green triangle represent the average of measurements taken on the diabetic 
wounds, and blue squares represent non-wound site (right dorsal site). Error bars represent 
variation among control group and diabetic group. 
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Figure 58 : NIR absorption coefficient changes at 780 nm (top) and 830nm (bottom) during 
wound healing. Wound surgery was performed on day 0.  Red squares represent the average of 
measurements taken on the control wounds, green triangle represent the average of 
measurements taken on the diabetic wounds, and blue squares represent non-wound site (right 
dorsal site). Error bars represent variation among control group and diabetic group. 
 
 
 
Absorption at 950nm represents water absorption because water absorbs most 
at this wavelength when compared to other chromophores. The change of the 
absorption coefficient μa at this wavelength reflects the change in tissue water content. 
Our results showed that the absorption coefficient μa at 950 nm didn’t change 
dramatically during wound healing in this animal model (Figure 59). Diabetic group 
have a similar absorption coefficient μa to control group. This means that diabetic rats 
didn’t show edema during wound healing in this particular animal model.  
 
 
 
  
117
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
‐20 ‐10 0 10 20 30
ua
 (c
m
^‐
1)
Day
Absorption coefficient
980nm
control site
control wound
diabetic wound
 
Figure 59 : NIR absorption coefficient changes at 980 nm during wound healing. Wound surgery 
was performed on day 0.  Red squares represent the average of measurements taken on the 
control wounds, green triangle represent the average of measurements taken on the diabetic 
wounds, and blue diamonds represent non-wound site (right dorsal site). Error bars represent 
variation among control group and diabetic group. 
 
 
 
5.3.2 Hemoglobin  
 
 
 
 In order to get Oxyhemoglobin (HbO) and Deoxyhemoglobin (Hb) 
concentrations, we need at least absorption coefficients at two wavelengths.  Since we 
employed three wavelengths, we have three combinations of wavelengths to calculate 
Oxyhemoglobin and Deoxyhemoglobin concentrations:685 nm & 780 nm, 780 nm & 
830 nm, and 685 nm & 830 nm. Data analysis showed that there was no difference 
among different wavelength combinations.  Therefore, all Oxyhemoglobin and 
Deoxyhemoglobin data showed here were based on the combination of 685 nm and 
780 nm.  
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Changes of Oxyhemoglobin concentration are shown in Figure 60.  The 
Oxyhemoglobin concentration increased in the control wound as the newly forming 
capillaries spout and reached a steady state at the end of wound healing. The higher 
Oxyhemoglobin concentration during first 5 days of wounding may suggest the 
impairment of vessel function by small vessel vasodilation in diabetic rats. Decreased 
Oxyhemoglobin during day 10 to day 21 in diabetic wounds indicated that there was 
less blood flow in the wound, which results in a delayed wound healing.  
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Figure 60 : NIR Oxyhemoglobin changes during wound healing. Wound surgery was performed 
on day 0.  Blue diamonds represent the average of measurements taken on the control wounds, 
red squares represent the average of measurements taken on the diabetic wounds, and green 
triangles represent non-wound site (right dorsal site). Error bars represent variation among 
control rats and diabetic rats.  
 
 
 
 Changes of Deoxyhemoglobin concentration are shown in Figure 61.  The 
control rats have an increased Deoxyhemoglobin during wound healing as vessels 
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developed in the wound.  Higher Deoxyhemoglobin concentrations in the diabetic 
wounds were observed which indicated ischemia. Inadequate oxygenation and 
microvascular dysfunction explain the difficulty in diabetic wound closure.   
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Figure 61 : NIR Deoxyhemoglobin changes during wound healing. Wound surgery was 
performed on day 0.  Blue diamonds represent the average of measurements taken on the control 
wounds, red squares represent the average of measurements taken on the diabetic wounds, and 
green triangles represent non-wound site (right dorsal site). 
 
 
 
5.3.3 Scattering Coefficient 
 
 
 
Typical changes of NIR scattering in control rats as a result of our experiments 
are shown in Figure 62 and Figure 64.  Collagen deposition, organization, and 
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orientation, inflammatory cell infiltration, and new blood vessel formation are 
correlated with scattering during wound healing. The scattering decreased as the full 
thickness skin was removed by the surgery on day 0. During proliferation phase, 
scattering measured by NIR increased mostly due to strongly scattered new 
synthesized collagen and newly forming vessels.  The scattering of the wound tissue 
reached the normal level during collagen reorganization in remodeling phase. Changes 
of scattering properties at 780nm and 830nm in control groups were similar to 685nm. 
(Figure 63 and Figure 65)  
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Figure 62 : NIR scattering coefficient changes during wound healing from one control rat. Wound 
surgery was performed on day 0.  Red squares represent measurements taken on the center of the 
wounds and blue diamonds represent measurements on its own control site (unwound right 
dorsal site) 
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Figure 63 : NIR scattering coefficient changes at 780 nm (top) and 830 nm (bottom) during 
wound healing from one control rat (C7). Wound surgery was performed on day 0.  Red squares 
represent measurements taken on the center of the wounds and blue diamonds represent 
measurements taken on its own control site (unwound right dorsal side). 
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Figure 64 : NIR scattering coefficient changes at 685 nm during wound healing (control group). 
Wound surgery was performed on day 0.  Red squares represent the average of measurements 
taken on the center of the wounds and blue squares represent measurement taken on the control 
site (right dorsal site) Error bars represent variations among control group. 
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Figure 65 : NIR scattering coefficient changes at 780 nm(top) and 830 nm (bottom) during wound 
healing (control group). Wound surgery was performed on day 0.  Red squares represent the 
average of measurements taken on the center of the wounds and blue squares represent 
measurement taken on the control site (right dorsal site). Error bars represent variation among 
control group.  
 
 
 
Changes of scattering coefficient in diabetic rats were shown in Figure 66. 
Diabetic rats showed a high scattering since day 3. Skin was taken away on the 
surgery day, therefore high scattering on day 3 suggests numerous inflammatory cells 
which were observed from the HE staining slides and Dapi staining slides. The 
prolonged inflammation reaction in diabetic rats may explain the high scattering 
during wound healing. Changes of scattering of diabetic group at 780 nm and 830 nm 
are similar to 685 nm. 
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Figure 66 :  NIR scattering coefficient changes at 685 nm during wound healing (diabetic group). 
Wound surgery was performed on day 0.  Red squares represent the average of measurements 
taken on the control wounds and blue squares represent measurement taken on the non-wound 
site (right dorsal site). Error bars represent variations among diabetic group. 
 
5.3.4 Correlation with Results from Histopathology 
 
 
 
 Biopsies were obtained from each rat on day 5, 10 and 21 after wound 
surgery. In healing wounds, biopsies were taken from regenerated epidermis. 
In non-healing wound, biopsies were taken from the edge of the wound bed. 
Routine Haematoxylin & Eosin (HE) staining was performed to on each 
biopsy  to evaluate rat wound tissue. (Figure 67) Cells are stained by red eosin, the 
nuclei are stained a deep blue-black, and collagen are stained pink. HE staining 
showed that diabetic wounds have a higher number of inflammatory cells in the 
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wound on day 5 and day 10 compared to control wounds, which could be correlated to 
a higher scattering coefficient in diabetic group.  
 
 
 
 
 
Figure 67 :  HE staining of control wound tissue (top) and diabetic wound tissue (bottom) (200X). 
On Day 5 and 10 there was a significantly higher number of inflammatory cells in the diabetic 
wounds. This was not as apparent on Day 21. However, on Day 21 there was more organized 
tissue in the control wounds 
 
 
Lectin staining has been used to measure microvessel density in many studies. 
The methods have been described in the experiment set up chapter.  Figure 68 showed 
the vessels staining of a control wound on day 21. The comparison of Dapi staining 
Tissue Overview (H&E Stain) 
Control rats 
Diabetic rats 
Day 5 Day 10 Day 21 
Day 5 Day 10 Day 21 
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(cell nuclei staining) and lectin staining (vessel staining) showed the accuracy of the 
lectin staining.  
 
 
 
 
 
Figure 68 : Dapi staining (left) and Lectin staining (right) images  of the same specimen from a 
control rat on day 21 (200X). 
 
 
 
Vessels staining (Figure 69 and Figure 70) showed that diabetic wound had a 
delayed and impaired vessel development during wound healing compare to control 
rats. Decreased vascularity in the diabetic wounds was observed. The diabetic wound 
lagged behind in blood vessel ingrowth as predicted by the absorption coefficient data. 
The error bars in Figure 71 represent wound variations. Though the difference is not 
statistically significant, control wounds have a higher number of microvessels.  
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Figure 69 :   HE staining of diabetic wound tissue(top) and control wound tissue (bottom) on day 
5, 10 and 21 (200X). 
 
 
 
Vessels over time (Trichrome stain) 
Diabetic Wounds 
Control Wounds 
  
128
Control Wounds
Diabetic Wounds
 
Figure 70 :  Lectin staining of diabetic wound tissue(top) and control wound tissue (bottom) on 
day 5, 10 and 21 (200X). 
 
 
 
 As we described in experiment set up chapter, vessels were count from the 
lectin staining images. Control wounds have more microvessels compared to the 
diabetic wounds. The difference is not statistically significant because of the variance 
among wounds. The delayed new vessel formation indicated an impaired wound 
healing. 
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Figure 71 : Vessel counting on day 5, 10 and 21based on lectin staining. 
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Chapter 6: Discussion 
 
 
 
The wound healing process is a complex process that relies on several 
mechanisms for tissue repair including inflammation, granulation tissue formation, 
angiogenesis, and ECM remodeling. Wounds are one of the most common 
complications of diabetes mellitus. As a major cause of disability, infected foot 
wounds in diabetic patients are the most common reason for diabetes-related hospital 
admission in the United States. Failure of these wounds to heal causes approximately 
90% of all low-extremity amputations in patients with diabetes.  
The use of new and expensive technologies which actively stimulate wound 
healing mandates that careful assessment be performed in order to ensure cost –
effectiveness of the treatment.   Recombinant platelet derived growth factor applied 
topically to a diabetic wound has been shown to be effective in healing.  Becaplermin 
is an expensive product, a 15 gram tube costing at least $525 in the Philadelphia area 
per tube if paid for out of pocket.  Hyperbaric oxygen therapy has also been 
recommended for the treatment of ischemic diabetic foot ulcers. The current cost of 
hyperbaric oxygen therapy in the Philadelphia area, based on Medicare rates of 
reimbursement for both the technical and professional component is $490 per dive or 
$14,700 for the standard 30 dive treatment protocol. A more accurate assessment 
technique for measuring healing progression is critical to controlling the rising costs of 
lower extremity diabetic ulcers. 
Recent guidelines published by the Wound Healing Society recommend that 
the efficacy of wound healing be monitored by noting the percentage change in wound 
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area (Barbul 2006).  It has been suggested that the optimal wound healing trajectory 
would result in a 40% reduction in wound area size in four weeks.  Any reduction in 
surface area less than this rate suggests that the prescribed treatment is not optimal and 
needs to be reevaluated.   
The current recommendation for the most accurate wound measurement is to 
multiply the point of greatest length by the point of greatest width by the point of 
greatest depth. When using this technique, greatest length and width are measured by 
placing a cotton-tipped applicator on the wound, then comparing the applicator to a 
ruler. Determination of wound surface area (WSA) by ruler is highly inaccurate and 
subjective.  Wound edges may be hard to determine because of complex wound 
geometry.  Width and depth measurements may vary between observers during the 
same clinic session and are highly inaccurate between visits.  Surface area does not 
take into account changes in wound volume. Ultrasound measurements provide more 
accurate information but are difficult to use in a busy clinical setting.  We have 
examined wound surface area (WSA) change as an indicator of wound closure in this 
animal model by image analysis of digital photos. No statistical difference in wound 
closure was found at any time point after day 10. The differences in the mean wound 
sizes between the control rats and diabetic rats were statistically significant (P < 0.05) 
at all time points before day 10. Other studies also showed that diabetic mice have a 
prolonged inflammatory phase compared with control mice on day 10. Wound closure 
was more advanced in the control group when compared to the diabetic group.  
This handheld imaging system is useful to document wound area, evaluate 
wound healing, and classify wound types. Consistent with observations and clinical 
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experience in chronic diabetic wounds, in this animal model a significant delay in 
wound closure of the diabetic wounds was observed as compared to the controls. Such 
differences in the rate of wound healing can be seen in figure 24, depicting difference 
of wound contraction rates between diabetic and control animals. A control rat wound 
healed 80% by day 10 while a diabetic rat wound healed less than 68% by day 10. The 
digital image data were coupled with the NIR, DRS optical and histological data to 
achieve our aims of monitoring wound healing.   
This technique can be very useful in a clinical setting. Wound area has been 
used to predict patient response of expensive treatments to reduce costs during long 
treatment periods such as those experienced in chronic wounds. Wounds with small 
area and with higher percent compliance tended to heal faster. Phillips et al studied 
165 venous ulcers larger than 1 cm^2 in a 12-week period (Phillips et al. 2000). WSA 
was measured by transparency film method. Other possible prognostic indicators 
including gender, race, ulcer location, skin condition, age, infection, and ulcer duration 
were also assessed to determine their impact.  They found that wound area and percent 
healing at week 3 are good indicators of complete ulcer healing. The Gilman formula 
was used to calculated healing rates: D=ΔA/P, where D=linear advance of the wound 
margin toward the wound center, ΔA = wound area, and P= wound perimeter. Using 
this formula, a reduction of the wound area of at least 40% during the first three weeks 
of treatment could predict 70% of healing cases. Ulcers that didn’t response to therapy 
in 3 weeks are unlikely to heal. 
Sabolinski et al studied 136 ulcers to predict wound healing outcomes based on 
wound area (Sabolinski and Falanga 1999). They found that initial healing rate in first 
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four weeks greater than 0.1 cm per week achieved complete wound closure in 24 
weeks. Initial healing rate less than 0.05 cm per week were unlikely to heal. van 
Rijswijk et al (van Rijswijk and Polansky 1994) also used wound area measurements 
to predict treatment response of full thickness pressure ulcers. They used acetate 
tracing of the wound to measure wound area. They found that ulcers reduction that 
demonstrated at lease 39 percent in size after two weeks heal much faster.  
Using digital images to measure wound area is an objective and quantifiable 
method. The affordable, hand held imaging system designed and used in this work is 
easy to use in the busy clinics to evaluate wounds and reduce overall wound care cost, 
by changing treatment early in the therapy. Our hand held imaging station is able to 
take four different images as followings: visible images, cross-polarized images, 
parallel-polarized images, and an ultraviolet (UV) fluorescence images.  We have been 
using the cross polarized images to determine the wound surface area due to its high 
color contrast between wound and normal skin. Cross polarized light can enhance the 
subsurface features of the skin because it minimizes surface glare and therefore 
unveils information from subsurface skin layers. The accuracy of wound surface area 
measurement is improved by using cross polarized images. The visible images have 
been used to document wound changes. The parallel-polarized images were only used 
for comparative purposes in this practically study.   
The UV fluorescence images were used to determine the collagen cross link 
level. Collagen cross-link level is related to many diseases such as diabetes, renal 
failure, coronary heart disease, and mortality. Monnier et al (Monnier 2004) found that 
type I diabetic patients have almost twice higher collagen cross link fluorescence 
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signal compared to age-matched control subjects. Collagen cross link measurement in 
skin biopsy homogenates is limited because of invasive procedures. Collagen cross-
link (collagenase digestible) is present in skin with maximum excitation at 380 nm and 
maximum emission at 460 nm. Analysis of the fluorescence signal of different skin 
component can be used to evaluate skin structure and function. We used UV 
fluorescence images to measure skin autofluorescence due to collagen cross link since 
UV fluorescence is primarily due to the excitation of collagen cross-links.  UV 
fluorescence image is a simple, quick, noninvasive method to quantify collagen 
crosslink in diabetic skin. In this rat model, we injected STZ to render diabetic rats. 
This cannot accurately represent complications of chronic diabetes. Since collagen 
cross link deposition is a long term process, we didn’t find increased fluorescence 
signals in the diabetic rats. This method could be a useful tool in early diagnosis of 
diabetes in humans.   
One limitation of this system in a clinical setting would be the lack of 
information regarding changes of wound volume. The wound maintains an 
approximately constant surface area but heals through reduction in wound depth. In 
this animal study this is not a concern because the wound is a full thickness wound. 
However, in human wounds, changes in the depth of the wound may occur without 
significant change in the area. 2D photographs are limited in that region.  
A 3D imaging system can be used to evaluate wound volume changes by 3D 
reconstructions of digital images. Plassmann et al used 70 stripes of alternating colors 
projecting onto the wound area at an angle of approximately 45 degree. A 3D map of 
the wound was calculated from the position of projector and camera and from the 
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observed position of stripes of light. The wound volume was calculated as the region 
between the observed surface and the original healthy skin (Plassmann and Jones 
1998). The 3D system achieves high precision for bigger wounds and low precision 
for small wounds. Such systems are usually cumbersome and very expensive. They 
need long preparation time for setting up, and trained operators.  
The accuracy of our measurement was improved by exposing as large an area 
of the wound as possible to the camera. Rat positioning may also change a wound’s 
appearance. We laid the rat down and placed the unwounded side of the rat against the 
table under anesthesia to minimize the position effect. Errors in approximating the 
wound surface area may be due to observers’ differences in assessing the wound’s 
border, or from tracing the wound. Optical methods represent a very attractive 
methodology to the clinician because they are non invasive, relatively inexpensive and 
don’t pose any risk of ionizing radiation. Near Infra Red (NIR) spectroscopy takes 
advantage of the optical properties of tissue in the region from 600-900 nm and can 
provide structural and functional information (Baird A 2002). In the NIR region, 
absorption of light is very low so that light can penetrate deep into the tissue. The 
main absorbing chromophores are oxygenated hemoglobin and deoxygenated 
hemoglobin, which are the main elements for obtaining the oxygen saturation. In 
recent years, optical measurements in the near infrared region have been used to 
monitor tissue oxygenation in different biomedical applications including muscle 
monitoring, brain function, and fetal monitoring (Hueber et al. 1999) (Fantini and 
Conte 1995) (Chance et al. 1992b) (Strangman et al. 2002). Therefore NIR techniques 
can provide information about disease-related functional and structural changes. It has 
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been shown recently that physiological changes such as ischemia, necrosis and 
malignant transformation can produce important perturbations in tissue optical 
properties (Hess 2003). Apart from tissue information content, NIR instruments can be 
portable, easy to operate and very inexpensive to construct.  
The clinical importance of blood perfusion in the healing tissue has been 
studied. in recent years. Insufficient blood perfusion coupled with impaired 
angiogenesis complicates tissue repair in diabetes. The potential use of diagnostic 
angiogenesis to differentiate wound healing stages has raised interest. Biochemical 
indicators such as Vascular endothelial growth factors (VEGFs) have been studied in 
wound healing. Those techniques are complicated to operate in a clinic and be able to 
get instant results. NIR has been considered a powerful diagnostic tool in many 
biomedical areas such as breast cancer, brain oxygenation diagnoses, and muscle 
oxygenation changes during exercises. This non-invasive technology has not been 
applied yet in the wound healing area. Our papers (E. Papazoglou 2006) (M. 
Weingarten 2006)were the first to demonstrate its usefulness.  
Several modalities enable assessment of tissue oxygenation via measurements 
of oxygenated and deoxygenated hemoglobin. We employed a frequency domain NIR 
instrument that measures absorbance and scattering of the tissue. In this particular 
application, scattering of the wound tissue is changing significantly and continuously 
as the wound heals. The frequency domain NIR is an appropriate instrument by which 
both absorption and scattering can be measured independently. 
Frequency Domain NIR instruments allow such measurements and their use in 
brain studies has been described extensively (Wolf et al. 2003). In many previous 
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studies the goal has been to probe as deep into the tissue as possible; in our case more 
superficial monitoring is required, as long as the tissue interrogated can be assumed to 
be homogeneous. Special probes were constructed to address the appropriate 
penetration depth. Light is modulated with a 70 MHz modulation frequency and the 
generated diffuse photon density waves (PDW) propagate with a wavelength of 
several centimeters. At the detector the amplitude decay and phase shift of these 
waves is measured. Amplitude and phase data are used to extract the optical 
absorption and scattering properties of the tissue, by assuming an approximation to the 
diffusion equation. Optical coefficients are then used to obtain hemoglobin 
concentration, deoxyhemoglobin concentration and oxygen saturation.  
In order to determine the absorption of two chromophores (oxyhemoglobin and 
deoxyhemoglobin), we need at least two different wavelengths. In this study, we have 
employed four different wavelengths, namely 690 nm, 780 nm, 830 nm and 980 nm. 
We know from the absorption spectrum in the near infrared region deoxyhemoglobin 
absorbs about 8 times more than oxyhemoglobin at 690 nm. Deoxyhemoglobin has 
slightly higher absorption compared with oxyhemoglobin at 780 nm. Oxyhemoglobin 
has higher absorption compared with deoxyhemoglobin at 830 nm. We chose those 
three wavelengths with different combination of oxyhemoglobin and 
deoxyhemoglobin absorption to calculate oxyhemoglobin and deoxyhemoglobin 
concentration. The other reason that we chose laser diodes at 690nm and 780nm is 
because there is no commercial laser diode available at a reasonable price between 
690nm and 780nm.  The 950nm wavelength is chosen because of the high water 
absorption. Water content change is important during chronic wound healing.     
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The NIR absorption coefficient during wound healing is higher on the wound 
side by .025-.03 cm^-1, which corresponds to an increase in total hemoglobin 
concentration of 0.016 – 0.019 mM. This means that during normal healing the optical 
properties of tissue change measurably in this animal model.  This results in a 10% 
difference in oxygen saturation between the wound side and the control side.   
In our study the absorption and scattering coefficients increased immediately 
after diabetes induction by STZ injection. The reason for this increase is systemic and 
may be related to changes in iron and metal homeostasis in the STZ rat model. StZ 
might introduce a higher level of absorption in the diabetic group, due to different 
system responses, as compared to the homogeneity of the control group. We used 
genetic diabetic rats in a further study and didn’t observe similar increase of 
absorption. This proves that the increase of absorption is due to the STZ response. 
After this initial increase, the coefficients remained constant in the diabetic rats 
prior to wounding. Therefore, we could still observe differences due to the diabetic 
wounds; only the baseline changed compared to the control animals. 
The average value of the absorption coefficient is higher for the diabetic group  
(almost twice that of the control group). A significantly higher variance around the 
mean is seen for the diabetic group, possibly signifying different level of glucose or 
general immune deficiency due to diabetes.  
The distribution of the reduced scattering coefficient values around the mean 
for all measurements in the diabetic rats is higher than the control rats. However, the 
reduced scattering coefficient changes are not identical to the changes of absorption 
coefficient. This demonstrates the independence of determining absorption and 
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scattering coefficient with the selected methodology and constructed instrument. Also, 
for the same reasons as described above, the variance of the scattering coefficient is 
much greater in the diabetic group versus the control one.  
Changes of the absorption coefficient as a function of time during the wound 
healing period showed an increasing trend as healing progressed and the wound healed 
in both groups. However, this increase is far more “noisy” for the diabetic animals, 
consistent with clinical observations and histology vasculature in such wounds. The 
scattering coefficient did not change significantly during the healing period for the 
diabetic group, however showed significant change during wound healing of the 
control animals. 
Literature supports that people that are less hydrated are more susceptible to 
poor wound healing (Svensjo et al. 2000). Oxygenated and deoxygenated hemoglobin 
are the main absorption chromophores in the NIR region at the wavelength range 690-
850 nm. The change of the absorption coefficient μa reflects the change in oxygenated 
and deoxygenated hemoglobin concentration. Water is the main absorption 
chromophore at the wavelength 950 nm. The change of the absorption coefficient μa 
at this wavelength reflects the change in tissue water content. Edema, which is 
frequently present in the diabetic ulcers, often retards or complicates healing. 
Localized edema inhibits the delivery of nutrients to the tissue, impairing wound 
healing (Falanga et al. 2006). Our results showed that the absorption coefficient μa at 
950 nm didn’t change dramatically during wound healing in this animal model. This 
means that tissue water content didn’t change a lot during normal healing and 
impaired healing in this rat wound model. We didn’t observe edema during healing in 
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diabetic rats. The diabetic group has a similar absorption coefficient μa to the control 
group. This means that the diabetic rats didn’t show edema during wound healing in 
this animal model.  
Frequency domain near infrared spectroscopy was shown to be responsive to 
the changes of absorption and scattering during wound healing in diabetic wounds. An 
appropriate fiber based instrument was constructed and the data using a diabetic rat 
animal model suggest that near-infrared spectroscopy can detect differences between 
diabetic rats and non-diabetic rats. The coefficient of absorption of the diabetic group 
has a higher average value compare to the control group. Reduced scattering 
coefficient (µs’) relates to tissue structure and organization and is a bulk measure of: 
collagen synthesis and integrity as well as cell type and abundance. Compared to 
control animals, diabetic rats have persistent inflammation delaying epithelial 
regeneration.  
NIR could be a valuable non-invasive method to monitor wound healing 
process of diabetic wounds, as it not only provides qualitative information of changes 
of absorption and scattering properties of wound tissue, but quantitative information as 
well. 
Diabetes impairs numerous aspects of tissue repair. Delayed removal of local 
debris and inflammatory cells delay wound healing. Diabetic wounds remain 
chronically inflamed, leading to poor development of the granulation tissue. 
Generation of new vessels in the wound should facilitate the exit of excess fluid and 
leukocytes and associate with the inflammatory response. Failure of wound 
angiogenesis is known to delay diabetic wound healing, whereas the importance of 
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angiogenesis for wound healing is unclear. We have examined whether extent of 
vasculature via Lectin staining could correlate with the healing of full-thickness 
biopsy wounds in STZ induced diabetic rats and same species control rats.  
Micro vessel density can also be measured by CD31 immunostaining or Lectin 
binding. CD31, also known as PECAM-1 (platelet endothelial cell adhesion molecule-
1), is a 130-kDa type-I integral membrane glycoprotein. CD31 is abundantly 
expressed in endothelial cells. It is also expressed in platelets, monocytes, neutrophils 
and a subset of T cells (Newman and Newman 2003). We used Lectin staining in our 
study to measure micro vessel density.  
Immunofluorescent staining for the blood vessel marker Lectin was used to 
visualize vessels at the wound on day 5, day 10 and the end of the study. 
Immunohistochemical staining of the unwounded skin for the Lectin marker showed 
that the density of blood vessels was similar in both control rats and diabetic rats (data 
not shown). Full-thickness skin wounds in the back skin of the rats showed 
significantly delayed angiogenesis in diabetic rats when compared to control rats. In 
wounds of control group the Lectin-positive blood vessel network was dense, and 
angiogenic sprouting was observed. Several Lectin-positive blood vessel sprouts were 
seen on day 5, whereas the strongest angiogenic response occurred on day 10 and day 
21. In contrast, in wounds of diabetic group, only a few blood vessel sprouts were 
observed.  The blood vessels were thin and neovascular sprouts were rare. Reduced 
expression and rapid degradation of vessels are considered partly responsible for poor 
wound healing in diabetes because these effects result in poor angiogenesis during 
granulation tissue formation. This is consistent with the fact that the absorption 
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coefficient μa change has a similar trend with changes of vessel number in control 
wounds. In contrast, the diabetic group exhibits more scattered data. Although the 
angiogenesis in the diabetic wound is impaired, our present results show that most 
diabetic rats heal in 21 days. Our study represents an “impaired” healing model. 
The collagen content therefore could be measured by Hydroxyproline 
measurement on frozen tissues. Hydroxyproline is a nonessential amino acid. It is the 
major component of collagen. We have used Gomori stained tissue micro images to 
evaluate collagen content because of the limited amount of wound tissue. The 
hydroxyproline method uses a significant amount of  tissue whereas the staining 
method only uses a small portion of the tissue.  
Diffuse Reflectance Spectroscopy has been applied in many biological areas. It 
is a noninvasive optical method that provides quantitative information about the 
structure and composition of the superficial 300 um at biological tissue. DRS 
measures reflectance in the region of 450nm to 700nm. This is the first time that DRS 
has been used in wound assessment. It is also the first time that histopathology 
findings were able to correlate with DRS measurements. The correlation between 
wound collagen content and DRS scattering helps us to better understand tissue 
scattering and tissue morphology and architecture.  
We have been using an analytical model that established by Nik Kollias 
(Stamatas et al. 2004) to analyze the DRS spectra. We are able to extract 
oxyhemoglobin, deoxyhemoglobin, and tissue scattering from the spectra.  
The cellular volume density of connective tissue increased significantly in 
normal wound healing. Healing of wounds is impaired in diabetic animals. STZ-
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induced animals have shown a delay in connective tissue repair. Diabetic wound 
closure was delayed due to a reduced wound contraction. Contraction of wounds 
occurs when the fibroblasts migrate and promote collagen reorganization by the action 
of myofibroblasts exerting traction forces on collagen in a synchronized fashion. 
These results suggest a function failure of the connective tissue. Fibroblast 
proliferation has been hampered.  The correlation of DRS scattering and collagen 
concentration changes in wound healing could suggest a diagnostic potential of DRS 
in the treatment of diabetic wounds. The scattering determined by DRS correlated very 
well with collagen concentration determined by trichrome staining in both diabetic and 
control wounds. Histological analysis using trichrome staining has been used to 
quantify collagen concentration. Trichrome is an acidic dye that selectively stains 
collagen and is the standard method used in pathology labs. We have used the image 
analysis software Image Pro, to determine the concentration of collagen from 
trichrome stained images by counting the pixel intensity of collagen in a given area.  
During inflammatory phase, neutrophils leave the circulation to begin the 
debridement to devitalized tissue. Neutrophils produce a variety of growth factors that 
could promote repair of injured tissue. Lymphocytes travel in the blood but they 
routinely leave capillaries and wander through connective tissue. Lymphocytes may be 
normally encountered at any time in any location and are the second most common 
white blood cell type (about 30% of the WBCs). During wound healing, Lymphocytes 
accumulate later during the inflammatory process. Eosinophils (eosinophilic 
granulocytes) normally comprise less than two to four percent of the peripheral 
leukocytes. Basophils (basophilic granulocytes) normally comprise less than 1 % of 
  
144
the peripheral leukocytes. Monocytes are the largest of the leukocytes, and constitute 
about 5 % of the WBC population in peripheral blood (10-16 um). We observed the 
increase of leukocytes and lymphocytes from our HE staining slides and Dapi staining 
slides in wound tissue.  
Inflammation is required for normal wound healing, but this process is 
abnormal in diabetes. The diabetic wound is characterized by impaired inflammatory 
cell function and a prolonged inflammatory phase. In this study, we have addressed 
the high number of inflammatory cells via Dapi staining in diabetic wound healing and 
correlated it with tissue scattering changes. The high scattering measured by NIR may 
correlate with the prolonged inflammatory phase. Because of the penetration depth, 
scattering function measured by DRS correlate well with collagen concentration. 
Inflammatory cell seem to be less a factor in DRS scattering as compared to collagen. 
Change of hemoglobin content was measured by DRS during wound healing 
and was found to be consistent among different rats. The hemoglobin increased during 
the proliferation phase and decreased in the remodeling phase. We were unable to 
differentiate diabetic group and control group via hemoglobin content though the 
diabetic rats showed a higher oxyhemoglobin and deoxyhemoglobin concentration 
compared to the control animals. This is reasonable, because of the abnormalities in 
blood vessel formation and function. The capillaries sprout from the dermis are dilated 
and elongated by a specific microcapillary pathophysiology. 
 Melanin is a pigment found in skin and hair. It is dominant chromophores in 
the visible region. Dermal melanin is produced by melanocytes, which are found in the 
stratum basale of the epidermis. Measurement of skin melanin is essential in many 
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skin studies. In this particular study, since we used pink hairless rats, we avoided 
issues related to the influence of melanin absorption.  
Myoglobin is a single chain globular protein, and is the primary oxygen-
carrying pigment of muscle tissues. Like the blood-borne hemoglobin, to which it is 
structurally related, myoglobin has very similar absorption band with blood 
hemoglobin. In this particular study, we measured animals that were anesthetized with 
Isoflurane™ and oxygen to limit artifacts from random and unexpected animal 
movements. In the NIR region, the absorption of myoglobin can be treated as 
background absorption since it doesn’t change during the course of healing. In the 
visible region, since the penetration depth is only up to 300 um, the light doesn’t hit 
the muscle. Therefore, we could ignore the absorption of myoglobin in our study. 
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Chapter 7: Conclusion and Future Work 
 
 
 
Non-invasive wound surface area (WSA) measurements avoid patient 
discomfort and eliminate the risk of wound contamination. They allow clinicians to 
measure more frequently and with high consistency.  Digital images can also be stored 
for future reference.  The affordable imaging system designed in this thesis is portable 
within a hospital environment and provides visual records of the wounds with 
abundant information. It is easy to set up and obtain precise reproducible 
measurements. An affordable, handheld imaging station can be a useful tool to assess 
objectively wound area and monitoring wound healing as a function of wound 
contraction. This technique provides quantitative wound information including color, 
reflectance, and texture that can be used to evaluate healing and modify treatment at 
an early phase. However, in order to make the best decision in wound care, it is 
optimal to have more information about the state of the wound related to its state of 
healing (inflammatory, proliferation or remodeling). This biological information could 
be provided by histological analysis, immunohistochemistry and we have 
demonstrated the possibility to monitor the optical properties of the wounds. It is 
particularly this latest aspect of changes during healing and how they correlate with 
histological and vascular changes that forms the major contribution of this thesis.   
Absorption coefficients obtained using near infrared (NIR) spectroscopy 
correlated with blood vessel ingrowth seen histologically and assessed by vessel 
staining during healing. These could differentiate diabetic wound healing from control 
wound healing.  Scattering data obtained using Diffuse Reflectance Spectroscopy 
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(DRS) correlated with increasing collagen concentration during healing phases. The 
use of near infrared imaging of wounds may allow the clinician to assess normal 
wound healing and develop an optimal wound healing trajectory based on histological 
correlates.  Active wound healing agents such as hyperbaric oxygen and topical 
growth factors would be expected to shift the healing trajectory of the impaired wound 
towards that of the normal.  
In summary, our in vivo studies using the hairless rat animal model have 
demonstrated that: 
a) The absorption coefficient of tissue at NIR wavelengths (680 nm, 785 nm, 
and 830 nm) is higher in the wound compared with the unwounded side of animals 
and can be correlated with vessel ingrowth. 
b) The absorption coefficient of tissue at NIR wavelength 950nm probed 
(680,785, 830) remains constant in the wound as the unwounded side of animals. No 
edema has been observed in this animal model. 
c) The observed differences in aμ between the wounded and unwounded side 
of animals can be attributed to the chromophores of oxygenated and deoxygenated 
hemoglobin and correlated with vessel ingrowth. 
d) The reduced scattering coefficient of tissue at NIR wavelengths (680 nm, 
785 nm, and 830 nm) is lower in the wound site compared with the unwounded site, 
and can be correlated with less organized ECM tissue in wound site. 
e) The concentration of oxygenated hemoglobin and deoxygenated hemoglobin 
measured by DRS is higher in the wound compared with the unwounded side of 
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animals, which agree with NIR data. The difference can be correlated with blood 
vessel ingrowth. 
f) The scattering function measured by DRS is lower in the wound site 
compared with the unwounded site, which agree with NIR data. The difference can be 
correlated with less organized ECM tissue in wound site. 
g) The scattering function measured by DRS is highly correlated with collagen 
concentration changes assessed by trichrome staining. 
h) Collagen is the dominant scatter in the connective tissue repair as measured 
by the DRS compared with inflammatory cells. 
Our work demonstrates that near infrared (NIR) spectroscopy is able to follow 
the healing rate of a normal or impaired wound in an animal model.  Higher 
coefficients of absorption in the diabetic wound compared to controls at 685 nm 
suggested higher levels of deoxygenated hemoglobin in the diabetic wound.  This 
would be expected if blood vessel ingrowth was retarded in the diabetic compared to 
the control wound.  This correlated with the lectin staining results. Rising values of 
absorption coefficients at 785nm during wound healing suggested that oxygenated 
hemoglobin was increasing in the diabetic wound as blood vessel ingrowth progressed.  
In the control wounds the rate of change in absorption coefficients was consistently 
higher in 685nm and 830nm compared to the diabetic wounds. This is the exact 
behavior predicted by vessel in growth in the control as blood vessel growth in the 
control proceeded more rapidly. This was confirmed by image analysis of the Lectin 
staining for vessel density. There was also a marked difference in scattering 
coefficients in the diabetic wound, suggesting a connection to the number of 
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inflammatory cells or correlating to a decreased collagen concentration. Scattering 
coefficient may also be a function of collagen or blood vessel organization. The NIR 
scattering coefficient in this model does not correlate with collagen concentration or 
cell count. It does correlate to vessel organization, probably due to the depth of tissue 
probed.  
Diffuse Reflectance Spectroscopy (DRS) is a noninvasive optical method that 
provides quantitative information about the structure and composition of the 
superficial 300 μm of a biological tissue.  DRS directly measures the absorption and 
scattering of photons when light of wavelength between 450 and 700 nm is emitted 
into the tissue.  While absorption is primarily due to the chromophores deoxy and oxy- 
hemoglobin, the scattering properties are related to the size and distribution of cells, 
organelles, and heterogenous tissue structure, and are mainly affected by the collagen 
fibers.  Collagen fibers are about 2-3 µm in diameter and are composed of collagen 
fibrils about 0.3 µm. Scattering from collagen fibers is dominant in the visible range. 
Near infrared spectroscopy (NIR) uses wavelengths from 700-1000 nm and has a 
greater penetration depth than DRS depending on the distance between source and 
detector fibers. DRS can only give information from 100-300 microns of depth. 
Because of the penetration depth and the wavelength used in DRS, blood vessel 
organization and presence of neutrophils is less a factor in DRS scattering as 
compared to collagen. These two methods therefore can provide complementary 
information, and their use was demonstrated in this work. 
Our present study shows that DRS technology is able to monitor wound 
healing by measuring oxygenated and deoxygenated hemoglobin concentration and 
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scattering changes. The concentration of oxygenated and deoxygenated hemoglobin 
increased in the wound site and decreased while the wound healed. It is hard to 
differentiate diabetic wound and control wound only by DRS oxygenation because of 
the penetration depth of the DRS method. Change of DRS scattering function mostly 
reflect change in collagen concentration. The scattering coefficient determined by 
DRS correlated very well with collagen concentration determined by trichrome 
staining in both the diabetic and control wounds. Diabetic wounds have more 
inflammatory cells when compared to control wounds. Since the scattering function 
measured by DRS didn’t reflect changes of inflammatory cells, but correlated well to 
collagen concentration, we can concluded that collagen is the dominant scatterer 
during tissue repair.  
 
Future work 
 
Suggestions for future work include: 
a): Enhance the image analysis algorithm to analyze the images and obtain 
wound surface area (WSA) faster allowing clinicians to assess patients immediately.  
b): Reduce human involvement on determination of wound boundary to obtain fully 
objective and reproducible measures. c): It would be important to monitor if and when 
the absorption coefficient and reduced scattering coefficient returns to normal levels 
(pre-wound) after the tissue has remodeled fully and the system recovered from the 
wound perturbation. d): Extend in vivo studies to measurements of wounds in patients. 
The demonstrated baseline stability of the device makes possible to use this method in 
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a clinical setting where measurements are performed on chronic wounds spanning 
periods of 6-12 months. Our results suggest that the NIR and DRS methodology and 
instrument we developed is stable and capable of detecting sensitive changes to optical 
properties connected to wound healing. e): Expand the biochemical correlation by 
CD31 staining, inflammatory cell staining, etc. However, human studies are the key to 
provide the usefulness of the devices.  
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Appendix 
 
 
Abbreviations 
 
CW  Constant Wave 
DC   Direct Current 
DDPW Diffuse Photon Density Wave 
DRS  Diffuse Reflectance Spectroscopy 
ECM   Extra Cellular Matrix 
EGF  Epidermal Growth Factor 
FGF  Fibroblast Growth Factor 
Hb  Deoxyhemoglobin 
HbO   Oxyhemoglobin 
KGF  Keratinocyte Growth Factor 
IL  Interleukin 
LDF  Laser Doppler Flowmetry 
LDI  Laser Doppler Imaging 
MMP  Matrix Metalloproteinase 
NIR  Near InfraRed 
OCR  Optical Coherence Tomography 
OLCR  Optical Low-coherence Reflectometry 
Oxy-Hb Oxyhemoglobin 
Deoxy-Hb Deoxyhemoglobin 
PDGF   Platelet-derived Growth Factor 
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PECAM-1 Platelet Endothelial Cell Adhesion Molecule-1 
RF  Radio Frequency 
SLT  Sonoluminescence Tomography 
STZ  Streptozotocin 
TGF  Transforming Growth Factor 
TRS  Time Resolution Spectroscopy 
UV  Ultraviolet 
VEGF  Vascular Endothelial Growth Factor 
vWF  von Willebrand  Factor 
WSA  Wound Surface Area
  
 
